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Abstract 
Al Mafarage, Ali M. Ph.D., Engineering Ph.D. Program, Wright State University, 
2019. Processing and Properties of Multifunctional Two-Dimensional Nanocomposite 
Based on Single Wall Carbon Nanotubes. 
 
Truly single layer (monolayer) films of unmodified zigzag single-walled carbon 
nanotubes by using the Langmuir-Blodgett (LB) technique have been processed 
successfully. Measurements of their mechanical and optoelectric properties were achieved. 
Different theoretical equations were used based on the results obtained from the 
experimental part to study the properties and structures of the produced material and their 
composite. The produced films were highly oriented as determined by polarized Raman 
spectroscopy and as shown by scanning tunneling microscopy (STM). The films have a 
significant amount of flexibility which makes their behavior similar to rubbery materials. 
They can also be deposited on different types of substrates with different shapes depending 
on the required applications. Nanocomposites utilizing Poly (methyl methacrylate)-
(PMMA) matrix were also prepared and characterized. Both direct mixing and in-situ 
polymerization techniques were employed to investigate the effect of mixing method on 
the produced composite properties. In addition to that, a comparison process between the 
theoretical models which were used to estimate the composite modulus with the 
experimental results for direct mixing method of composite is applied with emphasizing 
the effect of the interphase factor on the empirical calculated composite modulus values.  
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CHAPTER 1: Introduction 
1.1 Introduction 
The superior mechanical, chemical, and optoelectrical properties of single-walled 
carbon nanotubes (SWCNTs) makes them a candidate for enormous applications in 
different fields such as sensors and transistors, smart materials, multifunctional 
composites, and transparent conductors [1-3]. These superior properties for SWCNTs do 
not result only from the outstanding unusual characteristic of individual CNTs, but also 
due to the collective behavior of individual tubes with each other [4-7]. Hence, to 
recognize the superior properties of SWCNTs in engineering products and devices a 
process capable of producing films on a scale large enough for engineering applications 
and with a capability to control the product structure [8].     
1.2 Transparent Conducting Electrode. 
 The development in the field of optoelectronic devices such as touch screen liquid 
crystal displays and solar cells increases the demand for the production of transparent 
conducting electrodes [9-13]. Those electrodes consist of a layer (or layers) of electrically 
conductive and optically transparent material [14, 15]. Transparent conducting films 
(TCFs) usually perform as electrodes when a circumstance calls for a low resistance 
electrical contact without blocking the light such as in photovoltaics [16, 17]. The main 
feature for the transparent material is possessing broadband gaps which had energy 
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values larger than those for visible light. Two types of TCFs, inorganic and organic have 
been developed [16-20]. Transparent conducting oxides such as Indium Titanium Oxide 
(ITO) are a good example of the inorganic films. The organic films are usually developed 
by either transparent conducting polymers or polymers filled with conducting nano-
particles, wires, or CNTs [15, 18, 20]. Different types of transparent electrodes are 
discussed below.  
1.2.1 Transparent Conductive Polymer Electrode.     
 Polyacetylene, polypyrrole, and polyaniline represent main types of polymers 
with conjugated double bonds that are the main precursors from which conductive 
polymer is derived [21, 22]. Some types of the polymer allow the conductivity to reach 
1000 S/cm [21-26]. 
1.2.2 Transparent Conductive Electrodes Based on Metallic Nanowires.    
 A network of wires which are randomly conducting or meshing represent a new 
generation of transparent conductive electrodes [27-29]. The voids between nanowire 
mesh are transparent to light while the charge is collected by the nanowires or meshes 
themselves [30, 31]. Those electrodes can be obtained from the process of depositing 
silver or copper or any other types of conducting nanomaterials [11]. Silver nanowires 
have the best electrical conductivity with high optical transmittance and low resistance 
[32, 33]. 
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For silver nanowire networks (TCFs), the sheet resistance is 20 Ω/sq, and transmittance is 
95% [33, 34]. It represents one-dimensional nanostructure with a normal size between 5 
to 100 nm [30, 35, 36]. The process of producing flexible transparent electrodes can be 
achieved by depositing silver nanowire on a flexible structure [37].       
1.2.3 Transparent Conductive Electrodes Based on Metallic Nanoparticles.   
 Nanoparticles can be defined as particles which have one or more dimension in 
the range of 100 nm or less [38, 39]. They can be used to produce a transparent 
conductive electrode [38, 39]. Nanoparticles usually have unique chemical and electronic 
properties [40-42]. The interaction process between nanoparticles and the polymer matrix 
can be very complex, so they can remain dispersed in the matrix or agglomerate together 
[40-42]. Silver nanoparticles are widely used nanoparticles in the process of producing 
transparent conductive electrodes, due to their high electric conductivity and low 
agglomeration behavior leading to high optoelectric properties of the composite (the 
transparent electrodes) [32, 43-47].    
1.2.4 Transparent Conductive Electrodes Based on CNTs.   
 Carbon nanotubes (CNTs) can be used to produce conductive transparent 
electrodes due to their superior and unique electric conductivity as well [48, 49]. CNTs 
films are more favorable over other types of transparent conductive films because they 
have excellent electrical stability and can provide a more mechanically robust material 
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system [4, 50]. Utilizing CNTs in transparent conductive electrodes was shown to 
provide the following advantages [51, 52]: 
• Better light transmission. 
• Better thickness control. 
• Better electron transport and mobility. 
• More thermal stability for high-temperature applications. 
• More economic due to the very low load of CNTs required for similar electro-
optic performance. 
1.3 Carbon Nanotubes Films 
 Processing SWCNTs in large thin films has been in the focus of scientific and 
engineering investigations for the past two decades [53]. So far, two methods were 
successfully utilized to process such films: direct growth method [54] and solution-based 
method [55-57]. 
 
1.3.1 Direct Growth Method for Processing SWCNTs Thin Films.   
 In the direct growth method, the catalyst metal nano-particles used for nanotubes 
growth are first spread on a substrate then the growth process of carbon nanotubes takes 
place leading to the growth of nanotube carpets in which the CNTs are normal to the 
substrates as shown in figure (1-1) [58]. The direct growth method, however, suffers  
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Figure (1-1) SEM images for grown SWCNTs on a Si-wafer by using direct 
growth method adopted from [58].  
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several limitations and challenges. The major challenge is related to the possibility of 
preparing identical nanoparticles of the catalyst with the same size, shape, and 
composition to produce the same type of nanotubes [5, 49, 59].  
The major limitation is that imposed on the substrate material which must be able 
to withstand the high-temperature environment of the tubes growth process. Also, it’s 
more challenging to control the stability of these nano-sized particles at a high 
temperature of the growth rate processes [57, 60-62].  
1.3.2 Solution-Based Method for Processing SWCNTs Thin Films.   
The solution-based method is more favorable to provide the advantages of being 
done at room temperature, at normal atmospheric pressure with the ability to deposit 
CNTs on a variety of substrates such as polymer or ceramics [63-65]. Two favorable 
processes are used for the alignment of SWCNTs based on the solution-based methods 
which are magnetic field induction and the Langmuir-Blodgett technique [66]. Other 
processes such as dip-coating, spin-coating, and spray-coating have been investigated to 
produce transparent conducting electrodes. However, such processes were found less 
favorable due to the following reasons [67-71]: 
• It’s almost impossible to control SWCNTs agglomeration during the process.  
• It’s difficult to get consistent uniform thickness for the produced films. 
• Limitations on the produced films size. 
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1.4 Methods to Align Carbon Nanotubes in Solution-Based Films. 
1.4.1 SWCNTs Alignment by Magnetic Field Induction. 
  In the magnetic field induction method, an external magnetic field is applied on 
SWCNTs which can be dispersed or embedded in the polymer matrix. Due to the 
anisotropicity in the magnetic susceptibility of SWCNTs, a driving force is produced as a 
result from the difference between the external and the tubes magnetic fields which will 
force the SWCNTs to align along the direction of the externally applied field with regular 
patterns [72].  
 The major challenges for using this process is representing the purity of SWCNTs 
since some of them are conductors, and others are semiconductors which make them have 
different responses to the externally applied fields [66, 72-75]. 
 The limitations for the magnetic field induction method can be represented by the 
process of functionalization of SWCNTs with conductive particles such as iron particles 
to improve the alignment process [76]. In addition to that, the process of maintaining the 
orientation of SWCNTs after removing the external applied magnetic field is critical 
because some of the tubes tend to return to their original position [77]. Finally, a large 
amount of energy can be consumed due to the orientation processes, sometimes can even 
affect the properties of the SWCNTs applied [78-81]. Figure (1-2) shows an image for 
the functionalized CNTs with iron particles. 
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Figure (1-2) TEM images at a lower and high magnification of Iron-coated CNTs 
adopted from [82]. 
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1.4.2 SWCNTs Alignment by Langmuir-Blodgett Technique. 
 Langmuir-Blodgett (LB) represents one of the reliable techniques used to deposit 
a homogeneous film with very precise control over the thickness and molecular 
organization [83].  From the (pressure-area) isotherm for LB films, the deposition process 
can be handled at specified pressure values with different types of substrates [72, 84-87].    
 Many research groups have utilized the  LB techniques to orient SWCNTs [88]. 
However, the challenge was in producing a true monolayer of well-aligned SWCNTs and 
deposit them on different types of substrates [88-95].   
Kim et al., 2002 published research about the procedure of producing optically 
homogeneous thin film formed from single-wall carbon SWCNTs by using the LB 
techniques. The produced film consists of 25 layers produced by layer-by-layer 
deposition with controllable thickness. To achieve such films, chemical treatments and 
functionalization of SWCNTs must be considered [96].  
 Kim et al., in 2003 also published another research on building 100 or more layers 
either with horizontal lifting or vertical dipping, which allow to radially control the film 
thickness by using the LB technique. They mentioned that the tubes are oriented in the 
direction of the trough barrier  ( horizontal lifting ) and form a homogenous film [97]. 
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Luccio et al., 2004 reported the using of the LB technique to deposit a mono-layer 
of SWCNTs on the surface of silicon (Si 100) to study the properties of the produced 
films. They mentioned that their results are promising for the fabrication of high degree 
of ordered CNTs films which has a particular structure, mechanical, and physical 
properties [98]. Their reported results, however, did not show any experimental proof for 
the film structure nor the film thickness.     
  Liu et al., 2005 reported that monolayers of carbon nanotubes at the level of the 
air-water interface had been stabilized. The electrochemical behaviors of the produced 
LB films had also been studied. The produced films were ultrathin with an enhancement 
in their electrical properties due to better stability produced monolayers at the air-water 
interface [99].     
 Antolini et al., 2006 reported that functionalization of SWCNTs with arachidic 
acid  would enhance the deposition of SWCNTs by using the LB technique [100]. 
 Li et al., 2007 used the LB techniques to produce functionalized SWCNTs films 
and measured their current conductivity. They used synthesis (chemical treatments) to 
prepare their samples, and they announced that the SWCNTs used are oriented in the 
produced samples. No details about the produced film’s thicknesses or structures were 
mentioned in this work [101].  
 Zhang et al., 2008 adopt a chemical functionalized SWCNTs by using LB 
technology. Different factors affecting the structure of the produced films were studied. 
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They produced multilayer films of SWCNTs up to 18 layers. A model was used in their 
research to explore the ordering behavior of the produced films [102].  
 Tao et al., 2008 used the LB technique for massively paralleled and controlled 
organization of nanostructures in the produced films. Specific factors were studied and 
optimized to monitor the effect of spacing and arrangement of particles on the structure 
of the produced films. This study discussed the challenges for new production tools that 
enable devices’ flexibility and functionality of using the LB technique as compared with 
other used assembling methods [103]. 
 Venet et al., 2009 prepared thin films containing SWCNTs by using the LB 
technique. The morphology for the produced films had been invested by using AFM 
device. Electrical characterizations for the in-plane network produced films were also 
investigated [104].   
Giancane et al., 2010 suspend functionalized SWCNTs in an organic solvent. 
They use the LB to transfer the produced suspension on a substrate. Covalent chemistry 
is used to perform the functionalization and dispersion process [105].  
Giancane et al., 2010 used polymer to improve the dispersion of SWCNTs and 
study the stability of those tubes in the produced solution at the air-water interface by 
using the LB techniques and deposit them on solid substrates. They also examine the 
effect of changing the deposition pressure on the structure of the produced films [106].  
 Choi et al., 2010 using the LB technique and soft lithography combined in a 
patterning method for hierarchically aligned assembly of SWCNTs. The LB technique 
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successfully transfers films of unidirectional alignment of SWCNTs pattern by applying 
the deposition process of certain pressure on a silicon substrate. They announced that the 
produced films could fit different types of substrates [107]. 
 In 2011 Massey et al., fabricated films of a network form from SWCNTs by 
using the LB method. A 99 layer film is produced by using a layer-by-layer deposition 
which shows a high degree of anisotropicity in properties [108].  
Ma et al., 2011 provide an overview of the development in the process of aligned 
SWCNTs. They mentioned the two most famous methods used in this process. They 
discussed the process of using the LB technique to align and orient CNTs with focusing 
on the main challenges as compared with other procedures to align nanoparticles [109]. 
 Di et al., 2012 prepare flexible and robust carbon-based films of CNTs; LB 
techniques are used in this research. The produced films fabricated from spinnable 
nanotubes array and then continuously deposited layer by layer to produce seamless 
rolled films. The authors mentioned that good mechanical properties are achieved for the 
produced films [110].  
Myhra and Rivier 2013, summarized the techniques and methods which can be 
applied to characterize CNTs (including the LB technique). They provide an overview of 
old and new techniques and procedures used. They focus on the main factors that can 
affect quality control and fabrication properties of the produced product [111]. 
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 Kuriyama et al., 2013 used the LB technique to create films of synthesizing 
aligned carbon nanotubes. They study the factors that can improve the growth of the 
CNTs and measure the properties of these nanotubes in the produced films [92]. 
 Vishalli et al., 2015 reported that a thin film of functionalized SWCNTs had been 
processed by using the LB technique. They used quartz substrate to deposit the required 
homogeneous films. The Atomic Force Microscopy (AFM), UV-visible NIR and FTIR 
technique are used to characterize the produced films which had reasonable stability. The 
researchers announced that the LB technique had the ability to produce films and 
deposited on different types of substrates with maintaining the purity of the pristine 
SWCNTs used. The produced films have a uniform network of SWCNTs with  good 
transparency to the UV visible [83].   
Sato et al., 2016 used the LB technique to produce films of synthesized vertically 
aligned carbon nanotubes. They used the LB technique to deposit catalyst of specific 
nanoparticles with filler molecules which will adjust the distance between the anticipated 
nanoparticles. Due to this controlling process, the density of the vertical CNTs will adapt 
in the produced films [112].  
Yahya et al., 2017 used the LB technique to produce conductive transparent films 
of SWCNTs. The transparency for the produced films by using the LB technique was the 
best as compared with the values gotten from other deposition methods. In addition to 
that, the variation in electrical parameters for the films produced by the LB technique is 
lower as compared with other deposition techniques [113].   
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Beigmoradi et al., 2018 reported the latest methods that have been used for the 
alignment and arrangement of CNTs in the structure of the produced films. They 
compared the mechanical, electrical and chemical properties for the produced films by 
using different deposition techniques and mentioned that the LB technique had more 
flexibility and used for the fabrication of electromagnetic devices on a large scale as 
compared with other deposition techniques. The limitations and challenges of each 
deposition method are discussed with mentioning the treatments that should be taken into 
consideration to improve the alignment process [114].   
Another group of researchers focuses on studying the electrical properties of 
SWCNTs and how they contribute to improve the conductivity of the produced films. 
The synthetization effect on the conductivity value for SWCNTs also was observed by 
many researchers. Table (1-1) below summarized most of the measured electrical 
properties for SWCNTs films. 
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Table (1-1) Electrical properties for SWCNTs films. 
Nu. Nanotubes materials used Film Thickness 
and typed 
Measured 
Conductivity 
Year  Notes Ref. 
1 SWCNTs individual rope 
 
 
 
 
SWCNTs network bundles.  
w/o functionalization 
 
w functionalization 
 
 
w/o functionalization 
 
w/o functionalization 
 
(4.4 ± 1.6) × 10^5 
S/cm 
(5.6 ± 1.2) × 10^5 
S/cm 
∼3 × 10^4 S/cm 
Bundle diameter 2.3 
nm. 
∼1 × 10^4 S/cm 
2009 1- Acidic treatments. 
2- Annealing effect on resistance.  
 
[115] 
2 SWCNTs network bundles  Functionalized 2000 S/cm 2007 Solution based filtration process. 
 
[116] 
3 SWNT bucky-paper 
Treatment increase conductivity. 
 
Treatment decrease conductivity. 
 
 
 
No information 550 – 3000 S/cm 
 
 
550 – 70 S/cm 
2005 1- Electrical conductivity is measured using 
the four-probe method with silver paint 
contact. 
2- SWNTs undergo chemical treatments 
involving exposure to different types of 
molecules will influence its properties.  
[117] 
4 Ap-SWCNTs    (swcnt purity  49 %) 
P2-SWCNTs   (swcnt purity  89 %) 
P3-SWCNTs   (swcnt purity  94 %) 
 
 
SWCNTs-ODA (swcnt purity 90 %) 
SWCNTs-PABS (swcnt purity 90 %) 
 
 
Up to 50 nm 
Network 
non- functionalize 
 
 
up to 100 nm 
Network 
 functionalize 
 250 S/cm 
230 S/cm 
400 S/cm 
 
 
3 S/cm 
0.3 S/cm 
2004 1- Chemical functionalization of SWNTs 
decrease conductivity. 
2- SWNTs prepared by the electric 
arc discharge method. 
3- Solution concentration of 0.02 mg/mL, 
which ultrasonication for1h in a bath 
sonicator. 
4- Keithley 236 source-measure unit 
controlled by custom LabVIEW software use 
to generate the I-V curve. 
5- As more SWNTs are deposited, the 
conductivity continues to increase rapidly 
until conductivity is relatively invariant to 
further increases of a film thickness of ∼50 
nm is reached. 
6- The films of SWNT-ODA show 
conductivities that are about 
2 orders of magnitude lower than those of the 
nonfunctionalized SWNTs. 
7- Conductivity is temperature dependent. 
 
  
[118] 
5 HiPCO SWCNT in-plane. 
HiPCO SWCNT heat-treated.  
isotropic SWNT 
solution Network 
film 
functionalize 
 
 
1.3e3 S/cm 
9.0 e2 S/cm 
2003 Electrical conductivity was measured using 
the four-probe method. 
 
 
 
[119] 
5 HiPCO SWCNTs as prepared 
HiPCO SWCNTs with heat 
treatment. 
As manufacture 
SWCNTs 
1e4 S/cm 
3e6 S/cm 
2003 1- Four probe method. 
2- Conductivity measured parallel to the 
tubes axes. 
[119] 
6 Individual nanotubes individual 0.17 to 196 S/cm 1997 Smalley 
 
[1] 
7 SWCNTs rope-like (70-90) %.  50-200 Å diameter 1e4 to 2.9e4 S/cm 1996 
 
1-Measuring the electrical resistivity of single 
rope by four probe point.  
2- Rope length ten to hundred micrometers. 
 
[120] 
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 To this end, SWCNTs represent a promising material which can be preferred for a 
variety of applications. Most of the work done in this area cannot be held without 
changing the structure of SWCNTs which will undermine their superior properties. Most 
of the researchers mentioned before do not provide strong evidence for the process of 
producing well-aligned monolayer films of SWCNTs, which means the SWCNTs in the 
produced films were randomly oriented. That led to the need of using a percolation 
process before reaching a significant electrical conductivity for the produced films, which 
will influence the properties of SWCNTs used. 
 In this study we will show a new methodology to produce well-aligned SWCNTs 
inside a transparent PMMA matrix is a big advantage in the field of transparent conductor 
films and their composites.    
 
1.5 SWCNTs Nanocomposite Material. 
Nanocomposite material, in general, is made from two or more significantly 
different materials in their physical properties. It’s the material at which one constituent 
has a dimension less than 100 nm [121]. The produced material will have different 
properties and characteristics than the individual compound.  The main feature is that the 
nanoscale constituent can dramatically modify and improve the properties on the 
microscopic material [3]. SWCNTs with their superior mechanical and electrical 
properties are one of the best candidates for this new class of multi-functional composites 
[3]. For the polymer matrix, the PMMA (Polymethylmethacrylate) is used due to their 
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unique optical properties are also the most promising candidate for multi-functional 
composites and especially for transparent conducting electrodes applications.  
Many factors can influence the properties for the nanocomposite materials. One of 
the most important factors is the alignment of tubes in the matrix and interaction between 
CNTs and polymer chains [122]. The structure of the nanocomposite is more complex 
than that of micro-composite [123]. Generally, SWCNTs add to the matrix to enhance 
their mechanical properties, increase stiffness and increase electrical conductivity as 
shown later in the experimental section. Therefore, the uniform dispersion of CNTs in the 
matrix without damaging the tubes will affect the process of transferring loads between 
CNTs and the matrix which will result in the strengthening of the nanocomposite [124]. 
This point is still a major challenge in the field of a multi-functional nanocomposites.  
Table (1-2) below summarizes most of the measured electrical properties for 
SWCNTs nanocomposite films [3, 122, 124-127]. 
  Our goals for this research are to producing large uniform monolayer films of 
well-aligned SWCNTs; studying the characteristics (mechanical and optoelectrical) of 
such films and their composite; and investigating the effect of direct mixing vs. in-situ 
polymerization on the properties of the produced films and their nanocomposites. 
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Table (1-2) Electrical properties for SWCNTs nanocomposite films. 
 
 
 
 
 
 
 
 
 
Nu. Nanotubes composite materials 
used 
Film Thickness 
and typed 
Measured 
Conductivity 
Year  Notes Ref. 
1 Pure (PANI) polymer 
1wt% SWCNTs 
8wt% SWCNTs 
Synthesis 
Synthesis 
Synthesis 
1.60 e-02 S/cm 
1.00 e-01 S/cm 
3.57 e-01 S/cm 
2017 1- Four probe method used. 
2-Pellet of SWCNT. 
3- The conductivity of all samples decreases 
with increasing the temperature.  
4- Polyaniline (PANI) is the most conductive 
polymer used because it's easy synthesis and 
good electrical properties so that it can use as 
an electronic material. 
[128] 
2 SWCNTs mixed with 
polycarbonate.  
Nanocomposite from 
mixing SWCNTs 
with the matrix at 
different wt.%  
10 e-3 S/cm 2017 1- Flexible and conductive nanocomposite 
based on using SWCNTs. 
2- Conductivity increase as the wt.% of 
SWCNTs increase.  
[129] 
3 Pristine SWCNTs Ceramic matrix 
composite 
2 S/cm 2017 1- Developing ceramic matrix composite 
containing (1-6) vol. % SWCNTs. 
2- Hot process method is used.  
[130] 
4 SWCNTs mix with polyurethane 
nanocomposite 
SWCNT oriented in 
the matrix.  
3.7 e-7 S/cm 2017 1- Conductivity increase as wt. % of 
SWCNTs increase. 
2-A graph shows the relation between the 
wt.% of SWCNTs and the conductivity 
values.  
[131] 
5 Swcnts with PMMA 
0.5wt% swcnt 
1wt% swcnt 
Network 
Functionalization 
1e-11 S/cm 
1e-6   S/cm 
 
2004 Draw as a curve 
 
[132] 
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1.6 Motivation and Objectives. 
1.6.1 Motivation. 
 To this end, it’s clear that: 
• Successful processing of highly aligned monolayer films of SWCNTs is still 
needed.  
• Investigation of the mechanical and optoelectric properties of such films is 
crucial. 
• Ability to process a monolayer of SWCNTs/PMMA composite films with well-
aligned SWCNTs has not been developed yet; hence, their mechanical and 
optoelectrical properties have not been yet investigated. 
In this work, we will address every point of such challenges as shown later.  
 
1.6.2 Objectives. 
 The primary purpose of this study is to utilize the LB techniques to produce a 
monolayer of zigzag single-wall carbon nanotubes with a high degree of alignment to 
study their properties without the need of any chemical modification process. Due to the  
assembly and alignment process of SWCNTs, we aim to improve the mechanical and 
electrical properties of the produced films and their transparent nanocomposites without 
causing any additional defects or adding additional impurities in the fabrication process.  
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 The sheet conductivity of the produced films will be observed in both directions 
to show the effect of the tubes’ orientation on the conductivity measured. The in-situ 
polymerization process (bulk polymerization) will also be included in this study to 
explain the difference in mechanical properties for the produced composite films between 
the regular mixing of tubes with the polymer (as a dry powder mix with a solvent in a 
particular concentration) and the in-situ polymerization process as the weight fraction of 
the nanotubes changes. 
To fully characterize the nanofilms and transparent nanocomposite we will utilize 
Scanning Tunneling Microscopy (STM), Raman spectroscopy and High-Resolution 
Transmission Electron Microscopy (HRTEM) [133-135]. In addition to using Keithley 
device to measure electrical properties of the produced films [136-138]. 
Many factors have been optimized to produce the supposed layer including 
sonication, and evaporation time. The structure of tubes in the produced films is altered 
as will be shown later because in this work none of the surfactant (surface treatments) or 
any synthetization (chemical treatments) methods are used.   
 The deposition process by using LB is applied for different substrates. Glass and 
silicon substrates are used in Raman spectroscopy device. Steel substrates are used for the 
scanning tunneling microscopy analysis device, as shown later.  
 The films’ stiffness is calculated for a monolayer of SWCNTs and multilayers in 
addition to the relation between the produced films’ stiffnesses, and the SWCNTs volume 
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fraction (Vf) is also observed. Since the structures and orientations of SWCNTs in the 
produced films are related to their electrical properties, the effect of measuring electrical 
properties with rotation angles for monolayer are considered. The electrical properties of 
the produced nanocomposite are observed.  
 The work in this dissertation is divided into the following sections. Chapter two 
describes experimental details which include materials and devices used with overview 
types and properties, in addition to the main equipment required for the thin films 
fabrication process. Chapter three describes the process of producing a thin film 
monolayer processing method with the characterizations of the produced monolayer in 
addition to studying the stiffnesses and optoelectrical properties. Finally, Chapter four 
includes the conclusions and recommendations for this work and future development.     
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CHAPTER 2: Experimental Details. 
2.1 Materials Used: 
2.1.1 SWCNTs: Properties and Structure. 
In 1993 Iijima and his co-worker Ichihashi announced the observation of the most 
exciting carbon nano species named Single-Walled Carbon Nanotubes (SWCNTs) [139]. 
The found SWCNTs was in carbon soot observed in the carbon arc chamber in a similar 
way to that used for fullerene production [140]. A new field of carbon nanoscience was 
established by the discovery of fullerene molecules and carbon nanotubes [53]. A 
fullerene can represent as a molecule of carbon in the form of spheres, tubes, and many 
other shapes [8, 55]. The cylindrical shape fullerenes are named carbon nanotubes. The 
structure of the fullerenes is similar to graphite, which is formed from stacking graphene 
sheets in which the hexagonal rings are linked together [8]. One dimensional structure 
usually in the form of tubes or cylinders the diameter ranges usually lie between fractions 
of nanometers to several nanometers. If they form single tubes, they are named single-
wall carbon nanotubes [8]. In the case of several tubes concentrated inside each other, 
they are called Multiwall carbon nanotubes [141]. Figure (2-1) shows high resolution 
(HRTEM) images of SWCNTs of diameter (37 nm) [142].  
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Figure (2-1) High resolution images of SWCNTs of diameter 37 nm adopted from 
[142]. 
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 The easiest method to imagine the structure of carbon nanotubes merely is rolling 
a sheet of graphene to form single, double or multi-wall carbon nanotubes [143]. Carbon 
nanotubes are representing one of the most reliable materials that are known to humans 
[142, 144, 145]. They possess a unique structure with special electrical properties which 
nominates them to be perfect for a veriaty of applications. A SWCNTs usual size is of the 
order of nanometer with a high aspect ratio (length to diameter ratio), end of the tubes 
could be open or closed [146]. Length of SWCNTs can be several micrometers while the 
diameter is a couple of nanometers; as an example the diameter of human hair is 50,000 
times larger than the diameter of the nanotubes [146]. Figure (2-2) shows how the 
graphene sheet can warp to form the structure of single wall carbon nanotubes. 
 As mentioned before SWCNTs are formed by rolling a single sheet of graphite, 
the hexagonal typical (honeycomb) which represents the lattice structure of the graphene 
sheet which is made from covalent SP2 hybridization bond connecting the carbon atoms 
[8]. Figure (2-3) shows structure of SWCNTs and MWCNT with the hexagonal shapes.  
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Figure (2-2) A schematic of how the graphene sheet can be rolled to form different 
shapes of nanotubes adopted from [147]. 
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Figure (2-3) A comparison between the structure of (single and multi) wall carbon 
nanotubes adopted from [148]. 
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 Here, a1 and a2 represent the two principal axes directions of the unit vector of the 
primary hexagonal unit cell as shown in figure (2-4). If any two carbon atoms on flat 
sheet geometry are connected by a straight line and then the sheet is rolled around that 
axes of the selected line, this becomes the circumference of the tube [149]. In this case, 
the two atoms anticipated at the start and end of the line chosen must coincide and 
become the same point on the tube surface as shown in figure (2-4) [55]. If a random spot 
on the surface selected to be the origin (0,0) in the two-dimensional flat sheet, the 
coordination of any other flat sheet can be easily described in term of (a1 and a2) unit 
vector [8]. 
  The line connecting any two-carbon atoms on the flat sheet geometry can usually 
be expressed as a vector (Ch) which can be represented at the multiplication of the unit 
vectors (a1 and a2) by the assigned position for the vector point of the original coordinate 
(0,0). It can be represented by the mathematical relation shown: 
 
                                                                                                               ……….. (1) 
 
The vector that is representing the circumference of a tube is the chiral vector (Ch). The 
angle that is measured between the chiral vector and a1 is defined as the chiral angle (𝜭) 
as shown in figure (2-4).  
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Figure (2-4) The typical hexagonal of a graphene sheet which made from 
hybridization of the carbon atoms adopted from [8, 74]. 
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The chiral vector can be used to identify the SWCNTs. Two multiple integers (n, m) are 
used to define the chiral vector. Depending on the tubes’ chiral angle architectural 
configuration, the C-C bond can be classified into three distinct categories: armchair, 
zigzag and chiral tubes. Armchair tubes are formed when the chiral tube angle is equal to 
30° (𝜭 = 30°) in this case the multiplication of the tubes’ vectors is similar which mean 
(n=m). Zigzag tubes all have a chiral angle equal to zero (𝜭=0) and their (m) 
multiplication is always equal to zero [66].  All the remaining other tubes with                 
(0 < 𝜭 < 30°) are classified as chiral tubes. Figure (2-5) shows the schematic of three 
types of tubes.  
 The chirality angle is not only determining the geometry of the SWCNTs, but also 
many of their characteristic properties such as thermal, optical and electronic properties 
of the tubes [148].  Depending on their chirality, electronic band structure of the 
nanotubes can be classified as either metallic or semiconducting behavior materials [145]. 
The armchair single-wall carbon nanotubes, in general, behave as metallic (m=n)  
meanwhile one-third of the chiral and zigzag are expected to be metallic [144, 150]. The 
remaining part of the SWCNTs are supposed to be semiconducting; figure (2-5) shows 
also the metallic and semiconducting nanotubes and how they are identical in some 
points [139]. Several diameters of SWCNTs have been observed as max as 5 nm and 
lower to 0.4 nm [136].   
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Figure (2-5) Schematic for different types of SWCNTs adopted from [8, 74, 151]. 
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In general, most of products of the SWCNTs contain a mixture of both types of 
the tubes, metallic and semiconductor. Sometimes they need to be separated for some 
specific electronic applications. Depending on the growth process and/or conditions used 
for the exact ratio of metallic to semiconducting can be varied [152]. Several methods are 
reported to separate metallic from semiconductor SWCNTs, and some of them have an 
efficiency close to 95% [108]. Those separation methods can be done during growth, 
during solution preparation, as post-process step, or during deposition. An example of 
using nanotubes in the bulk material will enhance the strength without needing a high 
degree of purity [66, 144, 148]. On the other hand, for electronic applications the purity 
becomes crucial [74, 87].   
 The main purpose of the SWCNTs which work as a filler in the composite matrix 
is to increase the conductivity of the insulator matrix and to enhance mechanical 
properties of the composite matrix [153]. The mechanical properties such as Young's 
modulus and tensile strength (in this case it can be considered as the stress required to 
break the sample) of the produced composite will mainly depend on the orientation and 
the percentage of content of SWCNTs in the nanocomposite [144]. Many results are 
obtained from mixing CNTs with different matrices and then testing at the macro level 
[154]. Many different models are used to estimate the mechanical properties of SWCNTs 
and how it affects the properties of the produced composite [155]. The electrical 
properties of the produced films are mainly influenced by the structure of the SWCNTs 
[156]. Therefore, the electrical properties will be examined in this research to observe the 
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effect of alignment process of SWCNTs on the improvement in the electrical properties 
as a comparison with other studies made.   
 There are three techniques used to produce SWCNTs: arc discharge, laser ablation 
and chemical vapor deposition (CVD) [157, 158]. Arc discharge represents one of the 
simplest methods which depends on high temperature to produce SWCNTs [159]. The 
produced SWCNTs by this process can have structural defects due to high temperature 
used in the processing process [160]. Also, this method can produce a small amount of 
SWCNTs which  is needed for more purification steps [158].  
Laser ablation is a more expensive method than arch discharge and CVD methods 
to produce SWCNTs [150, 161]. Laser ablation process can provide a control over the 
diameter of the produced SWCNTs with a good quality product [2, 87, 150, 161]. 
However, it’s not suitable for mass production of SWCNTs [161].  
Chemical vapor deposition (CVD) represents one of the most usable processes to 
produce SWCNTs [162, 163]. The size of the metal particles used in this method will 
control the diameter of the produced nanotubes [164]. CVD process can produce 
SWCNTs with good quality and high performance suitable for different applications 
[165]].  
To this end, some information about the structure, production and properties of 
SWCNTs are mentioned. SWCNTs from “LUNA®” brand is used in our research as 
shown in the result section.  
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2.1.2 Poly (Methyl Methacrylate) PMMA Polymer Properties and Structure 
 PMMA is a polymer consisting of esters of methacrylic acids with a chemical 
formula (C5 H8 O2)n. It’s bright and colorless polymer available in the market in the form 
of pellets or sheets under the name Plexiglas or acrylic glass. It’s produced by free-
radical polymerization of methyl methacrylate (MMA) in bulk. PMMA is a linear 
thermoplastic polymer with high mechanical strength and Young’s modulus, with a low 
elongation at breaking and it doesn’t shatter or rupture [166]. PMMA is considered as 
one of the hardest thermoplastics with high resistance to scratch and with high impact 
resistance [167-169]. PMMA has an excellent dimensional stability with low moisture 
and water absorption capacity. Also, it exhibits excellent optical properties, so that it can 
transmit more light. The density of PMMA is between 1.17 to 1.2 g/cm3 which can 
consider it as lightweight material, also it has high glass transition temperature and mold 
shrinkage [170]. Figure (2-6) shows the structure of PMMA. 
PMMA can dissolve in most of the organic solvents due to their structural 
properties and it is also more acceptable to modify in their performance than any other 
types of polymers [167]. The concentration of the used PMMA with solvent is controlled 
and then sonicated after mixing it with nanotubes to promote the distribution of the 
nanotubes over the surface of the PMMA spherical particles and to prevent particle 
clustering [171].    
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Figure (2-6) structure of PMMA. 
 
 
 
n 
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 In current work Poly (methyl methacrylate) (PMMA), methyl methacrylate 
(MMA) monomer and UV initiator (2-HYDROXY-2-METHYLPROPIOPHENONE) are 
purchased and certified from Sigma-Aldrich Science in the USA. 
 
 
2.2 Measuring Techniques 
 Several measuring and characterization techniques were utilized in this study to 
produce and characterize the produced films. The following is a detailed description of 
each.  
2.2.1-1 Langmuir-Blodgett Technique. 
Langmuir-Blodgett (LB) films are created by the process of successive deposition 
of a series of monolayers related to one or more types of amphiphilic molecules which 
mainly spread at the interface between water and air [172]. Those films usually form 
from a regular planar array of molecular layers which have a well-known and 
predetermined thickness. The term ‘Langmuir-Blodgett films’ refers to the monolayers 
deposited from the liquid-gas interface on a selected solid substrate [13]. Both the liquid 
and gas typically used are water and air. The interesting issue about the LB technique is 
their ability to produce a sequence of ordered multilayers of organic molecules which can 
be controlled precisely. The constructed structure by using LB can show a high degree of 
order in the direction normal to the plane, which can be relied on and confirmed by using 
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the x-ray diffraction. The degree of order can vary widely within the plain depending on 
the material and details of deposition. A historical development for the Langmuir-
Blodgett can be discussed as shown:  the first historical reference to this technique is 
made long time ago by Aristotle who studies the process of spreading oil on the surface 
of troubled water. After that, many translations made by other researchers such as Hett 
(1837), mentioned that “the process of pouring oil on the surface of water make it more 
transparent” [13]. Pliny in 1864 mentioned how the sea water becomes smooth by oil “so 
divers sprinkle oil from their mouth because it calms the rough element and carries light 
down with them.” [13]. Till the end of the nineteenth century Agnes Pockels (1894), 
successfully produced significant improvements by spreading a monolayer in her private 
home using common stuff. In 1913 Davaux and Hardy found that a good monolayer can 
be formed from spreading material with a polar head group. In 1917 Langmuir adopted a 
study of monolayers of amphiphilic compounds at the level of the air-water interface and 
how the films can transfer from a specific liquid surface to a solid substrate, which later 
gave his name to that subject. In 1935 Katherine (a colleague of Blodgett) successfully 
gave a systematic account of multilayers of “carboxylic acids deposited on a solid surface 
from the air-water interface” [13]. After this year of publishing their work, many research 
papers appear on this topic. It took about three decades till Kuhn and his colleague 
Gaines (1966) adopted the interest of using the LB techniques in the field of electronics. 
Their research was widely accepted in Europe, Japan, and the USA, so they opened a new 
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era for using the LB techniques in many practical industrial applications that require 
ultra-thin, large scale, and well-structured films deposition. 
2.2.1-2 Langmuir-Blodgett Device. 
The first part that can be discussed is the trough and the barrier which are used in 
the compressing system. Trough represents the first part of the system that can act as a 
container for the subphase, which is named the Langmuir-Blodgett trough. The trough 
always is in contact with the subphase; therefore, the material used should be inert, not 
able to act with the organic solution used in the cleaning and spreading process [173]. 
The barriers are connected to motors with a particular gearing system combined with 
certain belts and controlled by a computer program to assess its speed and direction. 
Figure (2-7) shows schematic drawing for the trough; a well may also be presented in 
the middle of the trough (in common cases, sometimes it could be close to one of the 
edges) [93, 133]. The well used in the deposition process is made from a noble material 
providing the base for the substrate holder. The direction of the deposition process is 
also controlled by motors with a specific gearing system held together by belts. The 
number of the produced layers can be monitored by a computer screen. After spreading 
the solution (solvent and nanomaterial) on the surface of the trough and given a suitable 
time for the solvent to evaporate, then an order can be provided to the barrier to move 
and start the compressing process. A phase diagram will begin to show up on  
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Figure (2-7) Langmuir-Blodget equipment. 
 
 
Substrates 
holder 
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the attached computer monitor as shown in figure (2-8) which measures the variation of 
the pressure in mN/m units and the compressed area in cm2 or Å2. A sudden 
modification in the slope of the pressure curve can indicate the formation of the solid 
phase. After the spreading process starts, in the beginning, the molecules are assumed to 
be in the gaseous state with no interaction between them and the pressure will be zero 
[174]. As the barrier moves with time the slope of the curve starts to change which 
indicates the transferring from the gaseous to the liquid state [175]. After that, a sudden 
change in the slope happens as the barrier compresses further, which indicates the 
formation of solid state as shown in figure (2-8).        
 The second part is the Wilhelmy plate and the pressure sensor.  The two common 
processes used in monitoring the surface pressure is the Wilhelmy plate and Langmuir 
balance. Figure (2-9) shows the dimension of the Wilhelmy plate. This plate is connected 
to the pressure sensor, the forces acting on this plate are gravity and the tension which are 
directed downward while the buoyancy acts upward because of the displaced water. The 
acting force can be expressed by the mathematical equation [176]: 
F = (ρw)glwt + 2γ(t + w)cosϴ − gtwh(ρl) ………. (2) 
l, w, and t are the dimensions of the rectangular plate. ρw is material density, ρl is liquid 
density, h represents the immersed part of the plate in the liquid, g represents the 
gravitation constant, ϴ is the contact angle. 
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Figure (2-8) film phases form as the compressing process continues with time 
adopted from [172]. 
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Figure (2-9) Wilhelmy plate details a cross-section adopted from [177] 
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The Wilhelmy plate is formed from a filter paper or a small plate from a 
nonreactive material which is usually platinum. It is thin with a rectangular shape of a 
few centimeters in length and height. Wilhelmy plate should be in contact with the 
surface of the subphase after connecting to the pressure sensor and then it should be left 
for a period to get settled [133]. The water used for the subphase should be of higher 
purity distilled and deionized then microfiltered immediately before using [178]. The 
chosen material for the manufacture of the Wilhelmy plate should have good wetting 
when contacting the liquid surface [22]. A picture for the isotherm produced by 
Langmuir-Blodgett techniques of using distilled water is shown in figure (2-10). 
Deionized water is used in our work to compare the results for the produced isotherms; 
there was no significant difference from the same isotherm produced by using distilled 
water.  
The Nima® device used for our experimental work has a rectangular shape 
trough. It consists of two side troughs which have two compressing barriers and two 
pressure sensors. The entire compressing and deposing processes are controlled 
automatically by computer. After opening the software page series of command windows 
will show up, which include barrier menu, dipping menu, graph menu and calibration 
menu. The variety in the software options menu gives the user more degree of freedom to 
monitor and control the deposition and compressing processes. The instrument with their 
controller is kept in a clean environment with a steel frame bench covered by transparent 
plastic walls to reduce the external vibration and air currents.  
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Figure (2-10) An isotherm for pure water before starting the separation process. 
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The area of the trough when it’s completely opened is 500 cm2 and after 
compressing it can reach about 50 cm2. The width of the trough is constant and equal to 
20 cm. Those numbers will be used later in the calculations processes. For the produced 
films the compressing speed for the moving barrier is constant, and it was set to 100 
cm2/min. The deposition speed is considered as 5mm/min. Figure (2-11) shows an image 
for the Nima® device. 
 
2.2.1-3 Langmuir-Blodgett Film’s Deposition.  
For Langmuir film to be formed, it’s necessary for the selected substance to be 
insoluble in water and for each molecule to have a hydrophilic region which will help it 
to reside on the surface of the subphase (usually distilled water). Langmuir film can be 
defined as a two-dimensional crystal arrangement of molecules at the level of the air-
water interface [133] as shown in Figure (2-12). The usual process used for formation of 
the Langmuir-Blodget films is by lowering and raising a solid substrate through the film 
while the surface pressure should be maintained constantly. A hydrophobic (water-
hating) and hydrophilic (water-loving) interaction can be illustrated as if considered a 
mixture of a polar liquid, for example, water and carboxylic acid [106]. Two distinct 
scenarios can be applied in this situation. Entropy consideration required the added 
carboxylic acid to be dispersed into the water, while the internal energy tries to reduce 
configuration  
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Figure (2-11) Nima Technology UK model 1222D2. 
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Figure (2-12) Schematic of the LB trough with all the other main parts adopted 
from [175]. 
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interaction of the polarity between water molecules and with polar head groups. Due to 
that effect, the polar and non-polar interaction will be reduced. 
A monolayer of the amphiphilic molecules can be existing at the level of the 
liquid-gas interface. After observing the produced molecules, it becomes easy to 
recognize that the polar part of the molecular group will be in contact with the polar 
liquid [176].  
The common forms of Langmuir- Blodget film deposition can be shown in figure 
(2-13). The first case when the substrate is a hydrophilic, the monolayer can be 
transferred as a carpet as the substrate is raised through the water in the air-water 
interface level [179]. To get a proper film deposition, the substrate must be placed inside 
the subphase before the monolayer spread, to avoid agglomeration. The second case 
when the substrate used is hydrophobic, the deposition process can take place on the up 
selected path, which can be achieved by lowering the substrate to the water subphase 
[13]. Three common types of depositions that can be produced depending on the stacking 
pattern, which are Y, X and Z modes. The most common deposition which can produce 
on the down and up path head-to-head and tail-to-tail which is called Y-type and it’s the 
most common one. The X- type deposition is when the downstroke maintains for the 
monolayer only, while the Z-type is when the transfer happens to the upstroke as shown 
in figure (2-14). A mix deposition mode sometimes is encountered for some materials  
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Figure (2-13) Deposition process by using Langmuir-Blodgett technique for a 
monolayer and multi-layers produced process adopted from [180]. 
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Figure (2-14) Different types of produced molecular films formed by the 
deposition process adopted from [179]. 
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depending on the deposition type as the LB film is built up. The nature of the materials 
involved represents an essential aspect in selecting the speed in which the substrate can 
move without disturbing the air-water level [175]. For deposition process to be 
successful, the common barrier speed used is 4 mm/min with a temperature in the range 
of 4 to 30 C° for a variety of materials [176]. If the temperature is raised above 30 C°, the 
evaporation takes place which will affect directly on the subphase. In addition to 
pressure, many other factors can affect the quality of the produced films such as physical 
structure and the chemical composition of the substrate surface [133, 180].  
 
2.2.2 Films Characterizations techniques: 
2.2.2-1 Scanning Tunneling Microscopy (STM). 
 Scanning Tunneling Microscope (STM) represents the main instrument prepared 
to do straightforward acquisition of three-dimensional (3D) pictures of solid surfaces 
with atomic determination [181]. Figure (2-15) shows an image for the STM device used 
in the current research. STMs must be utilized to examine surfaces that are electrically 
conductive to some degree [182]. Very high vertical determination resolution is acquired 
because the tunneling current changes exponentially with the separation between the 
metal tip and the examined surface going about as two electrodes. Regularly, tunneling 
current minimized by a factor of 2 as the partition is expanded by 0.2 nm. High sidelong 
resolution depends upon the sharp tips [183].  
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Figure (2-15) Nano Surf easy Scan, E-line (STM). 
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The rule of STM is clear. A sharp metal tip (one anode of the tunnel intersection) is 
brought sufficiently close (0.3– 1 nm) to the surface to be examined (second cathode) 
that, at an advantageous working voltage (10 mV– 1 V), the burrowing current differs 
from 0.2 to 10 nA, which is quantifiable. The tip is scanned over a surface at a separation 
of 0.3–1 nm, while the tunneling current amongst it, then the surface is detected [184]. 
The STM can be worked in either the consistent current mode or the steady height mode, 
as shown in figure (2-16). Depending on the received feedback, the height of the tip z is 
changed to keep the current constant. The removal of the tip given by the voltage 
connected to the piezoelectric drives at that point yields a topographic map of the surface. 
Then, in the steady height mode, a metal tip can be checked over a surface at about 
steady height and constant voltage while the current is observed. The feedback network 
reacts quickly enough to keep the average current steady. The steady current mode is 
used typically in the case of atomic-scale images [183]. This mode isn't handy and 
workable with the nonuniform surfaces. A three-dimensional picture [z (x, y)] of a 
surface comprises different scans [z(x)] showed along the side with each other in the y-
direction [185]. It ought to be noticed that if different atomic species are available in the 
observed sample, the different atomic species within the sample may deliver distinctive 
tunneling current for a given bias voltage. 
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Figure (2-16) two-modes operation of the STM device adopted from [183]. 
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In this case, the stature information may not be a direct portrayal of the topography of the 
surface of the sample [186]. Since the STM device is more concerned about the surface 
of the sample, so it becomes essential to prepare the surface and clean it very well before 
starting the deposition process to produce the required film to test. The assembly of the 
particles on surfaces is mainly dependent on the interaction between the atom-atom and 
the atom particle substrate interactions [183, 186]. The epitaxial growth is controlled due 
to that interaction between the molecules (adhesion) in addition to the growth process 
[187].  Another typical property can be controlled due to the atomic interaction which is 
the surface absorption and mobility. This turns out to be imperative amid the structure 
arrangement since the dispersion decides the probability of meeting different adsorbates. 
The most important feature for the surface science is the diffusion of the molecules and 
the atoms across the surface and their aggregation into the complex structure [188, 189]. 
 The STM device can determine interactions between the molecules themselves 
and the molecules with other atoms in addition to following a single particle [190]. STM 
device represents one of the most usable devices used in observing the structure of 
different materials at the nano-level [191]. 
 Specimens to be scanned with STM must be sufficiently conductive to permit a 
couple of nanoamperes of current to flow from the inclination voltage source to the zone 
to be examined [191]. In different situations, nonconductive samples can be covered with 
a thin layer of a conductive material to enhance imaging. The tunneling current and the 
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bias voltage depends on the prepared sample [183]. Generally, they are set at some 
standard values for commitment and fine-tuned to improve the nature of the image. The 
features of the scanned sample represent an essential aspect for the scan measure use. A 
most extreme output rate of 122 Hz can be utilized which is typically identified with the 
scan size [189]. Output rate over 10 Hz is utilized for small scan areas (ordinarily 60 Hz 
for nuclear scale imaging scanner) [190]. The scan rate should be brought down for 
substantial outputs, particularly if the example surfaces are rough or contain huge 
advances [182]. Moving the tip rapidly along the examined surface at high output rates 
with high sweep sizes will prompt a tip crash. Basically, the output rate should be 
conversely relative to the sweep estimate (ordinarily 2– 4 Hz for 1 lm, 0.5– 1 Hz for 12 
lm, and 0.2 Hz for 125 lm scan size) [182]. Output rate long/time is equivalent to filter 
length partitioned by the scan rate in Hz. For instance, for 10 µm × 10 µm filter estimate 
checked at 0.5 Hz, the output rate is 10 µm/s. Ordinarily, 256 × 256 information designs 
are most regularly utilized. The sidelong determination at larger scan area is around 
equivalent to examined length divided by 256.  
 In this study Scanning Tunneling Microscopy (STM) is used to provide 
measurements in the nano levels, which can show the surface of the tubes and can 
contribute in the determination of the tubes diameters and qualities [186]. 
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2.2.2-2 Raman Spectroscopy. 
 Raman spectroscopy is spectroscopy named after Indian physics researcher Sir 
Chandrasekhara Venkata Raman in 1922, by using only a simple instrument he 
discovered and called it Raman spectroscopy [8]. He used his own eyes, sunlight and a 
telescope to recognize this remarkable phenomenon. Over time, a fast improvement in 
this field has taken place especially after using sophisticated equipment which includes 
computers, better excitation sources, improved detectors and holographic light gratings 
[192].  Raman spectroscopy represents one of the non-contact methods useful for 
measuring vibrational, rotational and other low-frequency modes in the system [193]. 
Raman spectroscopy represents one of the common aspects used in the chemistry field 
because it can provide a fingerprint for the structure by which molecules with their 
chemical bonding can be identified [194]. The inelastic scattering of light by matter can 
be defined as the Raman effect or Raman phenomenon. When matter scatters 
monochromatic light, two types of interaction can take place and result in two 
distinguishable scattering processes: Rayleigh scattering and Raman scattering [195].  
 Rayleigh scattering, in this type of interaction there is no energy transfer or 
change between the incident light molecules or atoms of tested matter. Therefore, the 
scattered photon should have the same energy or frequency as the applied incident light 
[195]. On the other hand, due to the interaction which involves energy exchange between 
the material molecules and the incident photon a new frequency or energy for the 
scattered photon will be produced.  In this case, the difference between the frequencies of 
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the natural frequency and the incident photon will be called Raman scattering which is 
the elastic scattering in nature for the Raman effect due to the scattering effect of crystal 
lattices or molecules which either gain or lose photon energy [192]. Figure (2-17), shows 
the scattering in frequency due to the Raman effect; as illustrated in the previous 
paragraph the elastic scattering or Rayleigh scattering does not gain any change in the 
energy which means that there is no loss or gain due to interaction with the material. 
Inelastic scattering has two components which are experiencing a loss or gain of energy. 
The light that scatters with low energy is known as stokes line with a frequency equal to 
υ0 - υv, while the one high energy υ0 + υv is known as anti-stokes lines as shown in figure 
(2-17). As a general measure, the intensity of the “Rayleigh” scattering is six orders of 
magnitude larger than the Raman scattering [192].  
 Since the Raman scattering process is weak in nature, the applied laser should be 
properly focused on the selected sample to ensure that the scattered light is efficiently 
connected. A coherent beam of monochromatic light placed by the laser can be used to 
excite Raman spectra [193]. Due to the laser property, the intensity is sufficient to 
produce a useful amount of Raman scatter and allow clean spectra, free from extraneous 
bands. Good wavelength stability and low backward emission represent the main features 
for using the laser in Raman spectroscopy [196]. 
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Figure (2-17) Energy levels for different scattering adopted from [192]. 
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Most commercially available Raman spectrometers use a continuous laser wave 
such as argon-ion (514.5 nm), helium-neon (633 nm) or diode lasers (830 nm). Since the 
laser can provide a coherent beam of monochromatic light, it’s used to excite the Raman 
spectra. The intensity of the applied laser will be sufficient to produce a useful amount of 
Raman scatter and allow for clean spectra free of extraneous bands [196]. Figure (2-18) 
shows an image for the Raman spectrometer instrument used in the current study.  
The photons from light are focused on a sample surface, and they are absorbed by 
the material molecules and scattered. The photons of Raman scattering can occur due to 
change in rotational, vibrational or electronic energy of the material molecules [196]. The 
molecules can be identified by plotting the energy of those transitions as a spectrum. The 
difference between the energy of the applied photon and the Raman scattered photon is 
equal to the energy of the vibration of the scattering molecule.  
Rayleigh scatters can be specified when the scattered photons have the same 
wavelength as the incident photons source [197].  When the scattered photons are shifted 
to different wavelengths the Raman scattering effect will appear clearly. If the Raman 
scattered photons are shifted to a shorter wavelength, it is called Stokes shift [198]. In 
that case, if the scattered photons are shifted to a longer wavelength, the anti-Stokes shift 
will be produced. In the Rayleigh scattering, the excited electron is retained back to the 
same level that it starts with.  
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Figure (2-18) Renishaw inVia Raman microscope device.  
 
61 
 
 Anti-stokes Raman scattering happens when the final energy level is higher than 
the initial level, while Stokes Raman scattering occurs when the final level of energy is 
lower than the initial level. In general, stokes scattering is much more likely to happen 
than anti-stokes scattering. The reason for that is the Boltzmann distribution for the 
electron is most likely to be in lower energy state [198].  
2.2.2-2.I  Raman Characteristics of SWCNTs  
 High aspect ratio represents one of the major characteristics of the SWCNTs, 
which have well-defined atomic structure. One of the methods used to determine the 
orientation of the SWCNTs is by applying polarized light parallel or perpendicular to the 
SWCNTs axis. After analyzing the reflected light, a lot of information can be collected 
about the dimension of the tubes [192].  
Raman spectroscopy is one of the most popular techniques used for 
characterization of SWCNTs. Raman spectroscopy can scan the energy of excitation light 
and produce Raman maps. Those maps can have a unique identification (n,m) for 
nanotubes. Raman mapping can detect not only the semiconducting but also metallic 
tubes.  
Radial breathing mode (RBM) is related to the radial expansion-contraction of the 
nanotube. The mathematical relation between the nanotube diameter and frequency 
(υRBM) can be represented as [194]: 
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υRBM = A/(d+B) ……... (3) 
Where (A and B) are constant depening on the structure of the nanotubes. 
For individual nanotubes in  nanometers (nm): 
υRBM = 234/(d+10) ……. (4-A) 
For double wall nanotubes  
υRBM = 248/d …….…….. (4-B) 
Those mathematical relations are beneficial in deducing the CNTs diameter from the 
RBM position. Typical RBM range is between 100-350 cm-1 as shown in figure (14).  
 Bundling mode, which is a particular form of RBM is named due to the collective 
vibration in a bundle of SWCNTs [195]. 
 G- mode, represents the fundamental mode (G from graphite). It is represented to 
planar vibrations of carbon atoms and also presented to the planar vibration of carbon 
atoms in most graphite [196]. From figure (19) it is clear that “G-band” of SWCNTs is 
shifted to the lower frequencies relative to graphite (1580 cm-1 ) and then it spreads to 
several peaks. Both of the splitting patterns and intensity depend on the tubes structure 
and excitation energy [196]. The G-mode can be used with lower accuracy that RBM to 
estimate the diameter of the tubes and whether they are semiconducting or metallic tubes. 
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  D- mode, this type of frequency is presented in many graphite-like carbons and 
also originated from structural defects. One of the essential features to qualify the 
structure quality of carbon nanotubes is the ratio of the G/D modes. This ratio can give an 
idea of the functionalization of the nanotubes. As this ratio increases significantly to more 
than 100, which provides an indication of high-quality nanotubes. For lower 
functionalization of nanotubes, the G/D almost remains unchanged [200].   
 G`-mode represents the second strongest after the G- mode in graphite. The 
intensity of the G`-mode is usually stronger than the that of the D-mode due to the 
possibility of transitions of the system from one quantum state to another [201]. D-mode 
usually indicates the defect in the structure, so it is forbidden in the ideal nanotubes. The 
range of the G`-mode is between 2500 -to- 2900 cm-1. This mode represents the intersite 
feature of the SP2 carbon, which is always observed in the Raman spectra even when the 
D-band is not recognized. Both of the semiconductor and metallic SWCNTs can be 
observed the G`-band. The spectral position of the G`-mode depends on the diameter, 
which can be used roughly to estimate the diameter of the SWCNTs [201].  
 Anti-stokes scattering, since the Raman scattering from CNTs is resonant in 
nature, can be observed as both stokes and anti-stokes scattering. The excitation process 
can occur to the tubes whose band gap energy is similar to the laser energy. The intensity 
ratio of the stokes/anti-stokes lines can be used to estimate the band gap of individual 
tubes. A focued laser beam is used in the measurement process, which can produce local  
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heat in the nanotubes without changing the overall temperature of the observed samples 
[198]. Schematic illustration for this mode is shown in a figure (2-19).  
 In this study, Raman spectroscopy is used to observe the alignment of the tubes in 
the produced films and to observe the type of SWCNTs used by analyzing the peaks of 
the waves measured as shown in the resulting section [195].  
2.2.2-3 High-Resolution Transmission Electron Microscopy (HRTEM). 
 High-resolution transmission electron microscopy (HRTEM) is one of the devices 
which can transfer information from specimen to image [202]. Using both scattered and 
transmitted beams, HRTEM can provide an interference image [203]. The produced 
image is a phase contrast image and it can be as small as a unit cell of the crystal. 
HRTEM can provide information from observing samples on a very fine scale, finer than 
0.2 nm [202]. In the point of an image plane, all the electron merging from the specimen 
are combined. HRTEM has been successfully and widely used to analyze crystal 
structure and the imperfection in the lattice for various types of material on an atomic 
resolution scale [202, 204, 205]. The principles of working of HRTEM are similar to that 
of TEM, but the provided image has higher resolution at the atomic scale level [203, 206, 
207]. HRTEM can be used to observe the structure and diameter of SWCNTs. It also has 
the ability to show point defects and impurities at very precise levels [208-210].  
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Figure (2-19) Raman spectrum of SWCNTs and peaks assignment adopted from 
[199]. 
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2.2.2-4 Keithley Instrument. 
 Keithley 2401 model represents the latest model in the 2400 series of the Keithley 
instruments family. This model can perfectly fit low voltage applications. It’s one of the 
analyzers for the semiconductor parametric with the ability to measure pA and µV. The 
precise measurements provided by this device for volt, current or resistance make it 
preferred for a variety of applications, especially thin films due to low resistance sensitive 
required. Keithley 2401 model can connect to a computer by using the IV- software. The 
device has two modes of sensing which are four and two points sensing. In addition to 
that, it can be programmed by using the sweep option which can accelerate the test 
automatically with the ability of continuous operation or single measurement with 
characterization of I/V, V/I, I/R, or V/R [118]. Figure (2-20) shows an image for the 
Keithley device used in this research. 
 Since the structure of SWCNTs mainly affects the electrical properties as 
mentioned in the previous sections; Keithley 2401 model is used to observe the electrical 
properties of the thin films of SWCNTs and their composite with the four-points probe 
because it can provide very sensitive measuring at a low levels (1μV–20V and 10 pA–
1A) for both of volt and ampere, which makes it a perfect fit for thin films measurement 
applications [108, 211, 212]. The four-points sensing is used widely in measuring the 
resistance for thin films. It depends on using a separate pair for voltage (which will  
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Figure (2-20) Keithley 2401 device. 
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usually be inside) and current (which will usually be outside) with more accuracy than 
the two-point sensing [119, 129, 212].   
2.2.2-5 Ultraviolet-Visible Spectrophotometer. 
 Ultraviolet-visible spectroscopy (UV-Vis) is an instrument used to 
quantitively analyze the amount of absorption and reflection of light from the tested 
sample. UV-Vis is usually used for thin films applications to measure the optical 
properties and thickness [213, 214].  
 Basic rule for UV-Vis is by measuring the intensity of light reflected from the 
surface of the observed sample and then compare it with the intensity from the source 
meter. Ratio between those two intensities is known as transmittance which is 
usually written as % T. In additional to that UV-Vis can measure the percentage of 
reflected light by comparing the intensity of light reflected from the surface of the 
sample with the original value from the source meter. Ratio between reflected 
intensity and source intensity is known as % R reflectance [215, 216].       
 The diversity in the absorption range of SWCNTs to the applied beam of light 
with low spectra bandwidth in addition to the best possible signal to noise ratio all 
those together can be better observed by using Cary® 50 Scans UV Visible 
Spectrophotometer [217-219]. This device can show the best performance for the UV 
analysis of thin films applications. Figure (2-21) shows an image for Cary 50 Scan 
UV Visible Spectrophotometer. 
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Figure (2-21) Cary 50 Scan UV Visible Spectrophotometer device. 
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2.2.2-6 Other Films Processing Instruments. 
 In addition to the devices mentioned in previous sections, others were used to 
observe the factors of the produced-monolayer films of SWCNTs; our work starts by 
using sonicator in a 60 MHz ultrasonic bath (Fisher Scientific, Model FS20) of constant 
frequency for a specified period of time.  Figure (2-22) shows an image for the bath 
sonication device used in the current study. The main purpose for using this device is to 
achieve a homogeneity for the produced solution and to prevent agglomeration and 
aggregation of the used SWCNTs [220, 221].  
 After that the sonication process of solution is completed then the solution is 
centrifuged by using Beckman Coulter, AllegraTM X22R at 12000 RPM for anticipated 
period of  time. The principal rule for the centrifuging process is separating the solid and 
the agglomerate part from the solution depending on the differences between the density 
of solutions and agglomerate particles. Due to high rotating speed and the effect of 
centrifuging forces the solid particles will collect on the sidewall and bottom of the 
centrifuged tubes. Figure (2-23) shows an image for the centrifuging device used in the 
current study. Only the pure part of the solution is considered after the centrifuging 
process is completed [222-224]. Film deposition was done on both glass and metal 
substrates simultaneously. Figure (2-24) shows images for most of the substrates used in 
our work.  
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Figure (2-22) Fisher Scientific, Model FS20. 
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Figure (2-23) Beckman Coulter, Allegra
TM
 X22R. 
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Figure (2-24) Glass and steel types of substrates. 
 
74 
 
CHAPTER 3: Results and Discussions 
3.1 Characterizations of SWCNTs. 
 In our work, highly purified Luna® single-walled carbon nanotube powder with 
less than 1 wt. % of metal catalyst remaining in them is used. Several tests are applied to 
characterize the SWCNTs and obtain precise details regarding their structure, namely, 
Raman spectroscopy, high resolution transmission electron microscopy, and scanning 
tunneling microscopy. 
 Figure (3-1) shows the radial breathing modes (RBM) region of the Raman spectrum for 
the Luna® SWCNTs used in this study after sonication and centrifuging. The RBM 
region of the spectrum shows three modes, at 106.85 cm-1, 156.3 cm-1, and 171.24 cm-1, 
with integrated peak intensity (area under the peak) of 500, 9978, and 27300, 
respectively.  Hence, based on the Raman integrated intensity of the peaks, our sample 
mainly consists of two types of nanotubes at a ratio of 27% and 73% respectively. Since 
the majority (73%) of the nanotubes used in this investigation are metallic zigzag (18,0), 
we will consider only the presence of such tubes in our sample to simplify the Langmuir-
Blodgett isotherm calculations.  
 In addition to the Raman analysis measurements, we conduct a High-Resolution 
Transmission Electron Microscopy (HRTEM) tests to observe the structure of SWCNTs 
used in our work. Figure (3-2) shows an image produced by HRTEM which provides 
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Figure (3-1) Radial breathing modes regions of the Raman spectrum with the 
characteristics of Raman modes measures. 
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Figure (3-2) HRTEM image is showing a single wall carbon nanotube at the 
nano level. 
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information about the SWCNTs diameter. From figure (3-2) it’s clear that the diameter of 
our used SWCNTs is 1.49 nm; this value will be used later to compare with the 
theoretically calculated value of SWCNTs diameter based on their chirality vectors. 
Figure (3-3) shows a high-resolution Scanning Tunneling Microscopy (STM) 
image. The sample investigated was deposited on a steel substrate by using the LB 
techniques. The zigzag nature of the tubes which can be observed from the hexagons 
orientations and arrangements appeared clearly and can be recognized. 
 To this end, the information observed in the characterizations section of SWCNTs 
will be used in the next sections in the process of producing a monolayer of SWCNTs.  
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Figure (3-3) Scanning Tunneling Microscopy image showing the structure of 
SWCNTs. 
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3.2 Production of SWCNTs Monolayer Films. 
 Figure (3-4) summarized the experimental work related to the preparation of the 
solution and the process of sonication with considering the evaporation time. After 
mixing SWCNTs powder with dimethylformamide (DMF) solvent to improve the 
dispersion process, we start with sonicating our solution for 20 minutes then 1 hour with 
an increment of 30 minutes in each time as shown in the diagram of figure (3-4). The 
solution prepares from mixing purified zigzag SWCNTs powder with DMF solvent in 
clear and clean containers. For each anticipated sample we centrifuge it for 30 minutes 
and then dilute in the ratio of 1 to 10.  The concentration of SWCNTs in pure centrifuged 
saturated solutions was measured using the gravimetric method and was found to be 
0.046 mg/ml based on ten measurements using a balance with 0.1mN sensitivity [225].   
 After optimizing all the factors mentioned in figure (3-4), a monolayer of 
SWCNTs can be produced by using 1000 µl of solution (DMF and SWCNTs) sonicated 
for 3 hours then centrifuged for 30 minutes, finally left to evaporate the solvent for 30 
minutes after spreading the solution on the subphase surface in the trough. 
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Figure (3-4) A diagram for the primary factors used in the experimental work and 
how they relate to each other.  
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In order to reach the optimum conditions of producing a monolayer film, the 
impact of each factor affecting the number of produced layers is studied separately. For 
example, during the separation process, the impact of evaporation time is considered, so 
three different evaporation times are selected (30 minutes, one and two hours), to study 
the effect of evaporation time on the number of the produced film layers. The same 
process is also applied for the quantity of the solution added to the trough as shown in the 
diagram of figure (3-4), (500 µl, 1000 µl, 2000 µl) with concentration of 0.046 mg/ml. 
Figure (3-5) shows the surface pressure with the compressed area isotherm for different 
quantities of SWCNTs solutions added to the trough for anticipated 6.5 hours sonication 
time which will mainly influence the number of the produced layers. Figure (3-6) shows 
examples for calculating the number of layers for different sonication times. For each one 
of those sonication times the surface pressure-area isotherm produced, and the slope of 
the solid phase is accounted then the number of produced layers is specified as shown.  
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Figure (3-5)  The effect of solution volume added to the trough on the produced 
number of layers.  
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Figure (3-6) Effect of solution sonication times on the number of films layers 
produced for (1000 µl) solution, the line is provided to guide the eye.   
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3.3 Characterizations of SWCNTs Monolayer Films. 
3.3-1 Calculations of a Monolayer Film Processing for SWCNTs.  
Nanotubes diameters (d) can be calculated from their chirality vector multiples 
(n,m) by using the equation [226]; 
𝑑 =
𝑎
𝜋
√𝑛2 + 𝑛𝑚 + 𝑚2  …….... (5) 
Where a =  |a1| =  1.421√3 =  2.461 Å. Based on results presented in previous section 
(3.1), our SWCNTs are mainly metallic zigzag (18,0) type. The number of carbon atoms 
per unit cell was shown to be equal to 2N, and N for the 18,0 nanotubes can be calculated 
according to the equation [226];  
𝑁 =
2(𝑛2+𝑛𝑚+𝑚2)
3𝑑𝐻
 since n-m=3qdH ……… (6) 
Where, dH is the highest common divisor of the coordinate multiples n, and m, that equals 
6 in our case leading to 72 carbon atoms per unit cell of the 18,0 SWCNTs.  Hence the 
molecular weight of a unit cell of 18,0 SWCNTs equals 864 g/mole.  This value will enable 
us to calculate the number of unit cells added to the Langmuir-Blodgett trough which will 
be used to calculate the area per unit cell of the formed SWCNTs film as explained below.   
 The SWCNTs unit cell length (T) can be determined from the equation [226];  
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𝑇 =
𝑎√𝑛2+𝑛𝑚+𝑚2
√3 𝑑𝐻
 since n-m = 3qdH ………. (7) 
 
For the 18,0 nanotube, T equals 4.26 Å.  Noting that the diameter of the tube should be 
increased by 3.37 Å to accommodate for the width of the electronic shell around the carbon 
skeleton area of a unit cell on the surface of the subphase surface should be T*(d+3.37) = 
74.45 Å2 [8]. Since the total numbers of unit cells are specified for a monolayer film area, 
it can also be used to calculate the number of the produced layers in the film as shown in 
figure (3-(7-A)). Using the value of the produced monolayer area will help in calculating 
the film thickness which is 1.42 nm and it’s in agreement with the value measured from 
HRTEM analysis before. The thickness value will be considered in calculating the 
produced films stiffness. 
 Figure (3-(7-A)) shows a typical LB isotherm with the solid phase region fitted to 
a linear equation to determine the solid phase film area at zero-applied surface pressure 
[176, 227, 228].  Once the solid phase film area is determined at zero-applied surface 
pressure, the nondeformed dimensions of the solid phase film can be determined.  
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Figure (3-(7-A)) Langmuir-Blodgett isotherm for a monolayer film of 
SWCNTs. 
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3.3-2 Structural Characterizations of the Produce Monolayer Films of SWCNTs. 
 Figure (3-8) shows an HH polarized Raman spectra for the aligned nanotubes at 
different orientations with the tube axial directions in the produced monolayer film. The 
spectral range covers the wavenumbers between 1125 cm-1 and 3200 cm-1 emphasizing 
the nanotubes Raman active surface modes (D, G, and G’ bands) [8]. The spectra was 
recorded at different angles between the polarization direction and the nanotubes 
orientation achieved in the LB trough.  It is well known (from spectra analysis) that in the 
HH backscattered Raman measurement arrangement, the intensity of the surface Raman 
modes depends on the orientation angle between the polarization and orientation 
directions [192, 196, 199, 229, 230]. It is very clear from the polarized Raman results that 
our films are highly oriented as indicated by the total disappearance of all Raman surface 
active modes as the laser polarization direction is perpendicular to the nanotubes 
orientation [8, 200]. 
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Figure (3-8) HH Polarized Raman spectra at different orientation angles between the 
SWCNTs alignment angle and polarization angle.  Spectra are showing first and second 
order SWCNTs surface modes. 
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 Figure (3-9) shows a high-resolution Scanning Tunneling Microscopy (STM) 
image. The sample investigated was deposited on steel substrate by using LB techniques 
with the same conditions for the produced monolayer to emphasize that alignment of the 
tubes bundles is parallel to the compressing direction. Tubes alignment is again very clear 
in the image. 
 Figure (3-10) shows the measured electric conductivity of the film lengthwise, as 
well as normal to that of the transverse conductivity of the film (4.8x104 vs. 1x104 S/cm) 
which provides another evidence for the alignment of the tubes in the produced 
monolayer film. It is important to note that our measured electric conductivity of the film 
in the tube axial direction is higher than the value 2.9 x 104 S/cm reported previously for 
crystalline ropes of metallic SWCNTs that are 20 nm in diameter [231], and that our film 
conductivity measured in the transverse direction is slightly lower than the 1x104 to 3 
x104 S/cm reported for SWCNT networks [115]. Since the exact type of metallic tubes 
were identified in the aforementioned work, it is clear that our current results are within 
the range of the reported electric conductivity of metallic nanotubes reported before. 
After the successful production, for the first time of a real monolayer SWCNTs film, we 
next discuss it’s mechanical and electrical properties.  
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Figure (3-9) HR-STM shows a monolayer film structure of aligned SWCNTs. 
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Figure (3-10) Histogram comparison for the conductivity (S/cm) in both directions 
for a monolayer film. 
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3.3-3 Mechanical Properties of Well-Aligned Monolayer Films of SWCNTs. 
 Realizing that the width of the LB trough is constant (0.2 m, in our study), the 
length of the film can also be determined.  Hence, by considering a unit length along the 
film width, the measured surface pressure can be transformed into a load (F), and the 
measured film area can be deduced to film length (L).  Knowing the film thickness, then 
it is straightforward to convert the load length curve into a stress-strain curve for the 
nano-films.  The stress-strain curve for a monolayer film is shown in figure (3-(7-B)). 
From this figure, the stiffness of the film in transverse direction under compression is 
determined to be 10.215 ±1 MPa. Such a low value of film stiffness compared to the 
well-known extremely high radial stiffness of SWCNTs is not surprising because none of 
the chemical or functionalization process were used in our study, which definitely will 
influence the structure of SWCNTs [232-234]. The modulus of elasticity of individual 
CNTs is reported to be in the range of 1-2 TPa [66, 142, 145, 235, 236].Figure (3-(7-B)) 
also showed that the monolayer SWCNTS film is very compliant with linear elastic 
behavior up to 30% strain; the film is basically behaving as a liquid crystal (LC) film of 
very stiff rods [237, 238].  Such a similarity in compressive mechanical behavior between 
aligned nanotube films and liquid crystal (LC) films was reported and discussed 
previously in the literature [225, 239, 240].  Besides, it is important to note the deviation 
from the linear behavior for the produced film under compression into a non-linear 
responds with a clear stiffness increase (figure 3-(7-B)). Such action further supports the 
LC-like behavior of nano-films consisting of carbon nanotubes.  
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Fig (3-(7-B)) Stress/Strain curve for a monolayer SWCNTs film in 
compression based on the LB isotherm shown in figure (3-(7-A)). 
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3.3-4 Electrical Properties of Aligned SWCNTs Films. 
As illustrated in the previous sections, the structure and alignment of the 
SWCNTs mainly influence their properties [241]. The electrical properties of the bundles 
of SWCNTs monolayer will be examined in this section [211]. Figure (3-11) shows log 
scale for the conductivity of the produced films as a function of numbers of produced 
SWCNTs layers as  compared with the log conductivity of silver copper (bulks) and 
Indium Tin Oxide (ITO) films. The conductivity of SWCNTs monolayer is close to the 
values of copper and silver and it is higher than the values of Indium Tin Oxide (ITO) 
films with the thickness in the range of (50-100) nm [242-247]. Conductivity values start 
decreasing as the numbers of layers increases. This reduction in the film conductivity 
could be due to either orientation loss or layer interference effect on the film energy gap 
and electronic structure. 
The impact of the orientation process for the produced SWCNTs monolayer film 
is tested which shows that the conductivity of the longitudinal direction is about five 
times higher in magnitude than it’s value of the transverse direction, which can provide 
an evidence for the effect of orientation and alignment in the produced monolayer films 
on the measured conductivity values. As shown in figure (3-12), Polar coordinates are 
used to illustrate the variations in the values of the measured conductivities as a function 
of rotation angles. 
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Figure (3-11) Comparison between conductivity (S/cm) of SWCNTs films as 
function of number of layers with cooper, silver, and  Indium Tin Oxide (ITO) films, 
in log scale. 
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Figure (3-12) Conductivity (S/cm) as a function of rotation angles in polar 
coordinates for the produced monolayer of SWCNTs. 
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For the produced monolayer the conductivity in the longitudinal direction is close to (5 e4 
S/cm) and started to decrease till it measured (1 e4 S/cm) in the transverse direction with  
symmetry as the rotating angles change between 0° and 360°. From the polar coordinates 
conductivity figure, it’s clear that the orientations of the tubes in the produced monolayer 
had a significant effect on the values of the measured conductivities.           
 This variations in the values of the measured conductivities confirm our previous 
results by using different tests that our produced a monolayer of SWCNTs is well-
aligned.    
 Our current study produced films with higher conductivity as compared with the 
values mentioned in the table (1-1) at section (1-2) in the current study, we did not 
include any chemical or surfactant treatments which mainly influence the structure of 
SWCNTs in the produced films [136].  
 The same measurement processes were applied for 3, 5, 7 and 11 layers of pristine 
SWCNTs (i.e. the electric conductivity was measured as a function of rotation angle from 
tube axial direction). Figure (3-13) shows the values of conductivities as the rotation 
angles changed for three layers of deposited thin films. By comparing the measured 
values, it’s clear that the film does have high orientation.  
  Figures (3-14) and (3-15) illustrate the effect of the rotation angles on the values  
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Figure (3-13) Conductivity (S/cm) as a function of rotation angles in polar 
coordinates for the three layers produced films. 
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Figure (3-14) Conductivity (S/cm) as a function of rotation angles in polar 
coordinates for the five layers produced films. 
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Figure (3-15) Conductivity (S/cm) as a function of rotation angles in polar 
coordinates for the seven layers produced films. 
101 
 
 
Figure (3-16) Conductivity (S/cm) as a function of rotation angles in polar 
coordinates for the eleven layers produced films. 
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of the measured conductivities for 5 and 7 layer produced films. From the figures  it’s 
obvious that the effect of orientation processes is still significant. It is important to note 
the significant drop, however, in the measured conductivity values. Such results indicate 
that the measured drop in the electric conductivity of films with up to 7 layers is mainly 
due to layer/layer interaction and their impact on the film’s electronic structure.               
For films with 11 deposited layers as shown in figure (3-16) the effect of orientation 
becomes insignificant indicating that the film with 11 layers is mainly isotropic materials 
considering the electronic structure. Further investigation should be done by using 
density functional theory (DFT) calculations to better understand the effect of increasing 
the number of the deposited layers of SWCNTs on the value of energy gap and electronic 
structure of the nano-films.    
3.3-5 Optical Properties of Well-Aligned SWCNTs Films.  
 The produced films have high optical transparency, as shown in the measurements 
applied for the UV-visible absorption in figure (3-17). Our results show clearly that the 
films of different thicknesses have a maximum absorption of less than 0.3% within 
the wave length range between 300 nm and 1000 nm.  
The produced films were transparent to visible and near infrared radiation even 
for the 7-layer films.  Our current results emphasize the importance of such aligned 
SWCNTs films in transparent conductive electrodes much needed for advancing the 
photovoltaic efficiency limit. 
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Figure (3-17) UV visible analysis for the SWCNTs produced films.  
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3.4 Production and Characterization of SWCNTs/PMMA Nanocomposite Films. 
 SWCNTs were added to the matrix to enhance their mechanical and physical 
properties [84]. The process of dispersion of SWCNTs tubes in the polymer matrix 
(PMMA) without damaging the structure of those tubes is crucial [126]. The 
concentration of SWCNTs in the PMMA matrix should be well designed to avoid 
clustering and agglomeration of the tubes which will produced a poor dispersion process 
[248]. The poor dispersion process will produce non-desirable nanocomposite products. 
Two common methods used to produce nanocomposites of SWCNTs with PMMA matrix 
are direct mixing and in-situ polymerization techniques [3, 248-251].  
 Direct mixing method represents one of the processes used to produce 
nanocomposites. This process involves mixing polymer which can be dry or liquid with 
solvent (DMF) till achieving the required concentration. After preparing the polymer 
solution, a mixing process is running with a SWCNTs solution by using a sonication 
device. The sonication process will enhance the process of dispersion of SWCNTs on the 
surface of the PMMA matrix [3]. The major challenge for the direct mixing method is to 
anticipate the best concentration and sonication time which will enhance the process of 
dispersion of SWCNTs in the PMMA matrix. In addition to that the high viscosity of the 
anticipated polymer matrix may directly influence the dispersion and properties of the 
produced nanocomposite [125].  
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 In-situ polymerization is also used to process nanocomposite material. In this 
process, the liquid monomer is mixed with SWCNTs solution after satisfying the required 
concentration percentage. After that, the initiator is added to the solution. In our work, we 
used UV initiator because none of the chemical or thermal initiators satisfied our 
requirements and concerns. For UV initiator the mixing process is handled in a dark place 
after adding to the monomer, and SWCNTs solutions then sonicate all together to ensure 
well dispersion of SWCNTs in the monomer solution. After anticipating the required 
quantities and starting the separation processes on the trough of the LB device we used to 
produce the nanocomposite required films, a UV light with specific wavelength is applied 
to the surface of the trough for certain period of time to start the polymerization process 
while the solvent evaporation process is in progress. The low viscosity of the monomer 
will enhance the dispersion of SWCNTs. The main challenge for the in-situ 
polymerization process is represented by the effect of the initiator used which may 
influence the structure of the SWCNTs and the produced nanocomposite as a result [121, 
252-254]. 
 Both of the direct mixing and in-situ polymerization techniques used in this study 
are discussed in detail in the next sections.  
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3.4.1 Nanocomposite by Direct Mixing process. 
3.4.1-1 Mechanical Properties. 
 In this section, the stiffnesses of the produced films are measured as a function of 
SWCNTs volume fraction (Vf) by using the Nima device which depends on the 
Langmuir-Blodgett technique. A specific volume fractions of the SWCNTs is mixed with 
the PMMA matrix. The produced solutions are sonicated for 30 minutes to enhance the 
dispersion of SWCNTs and achieve a homogenous solution without agglomeration of the 
tubes [170]. After finishing the preparation process a specific amount of solution is taken 
and spread on the surface of the distilled water subphase on the trough of the Nima 
device. The same conditions used before with the process of producing a monolayer of 
SWCNTs are applied in this section also. The solution spreads on the trough subphase for 
30 minutes to allow for the solvent to evaporate, after that the compression process is set 
up. Figure (3-18) shows a schematic for the direct mixing with a deposition process. The 
isotherm for each percent of SWCNTs is processed separately and repeated three times. 
After that, the analysis processes are applied to account for the stiffnesses of the 
produced films.  
 By analyzing pressure-area isotherm, the values of pressure in mN/m with areas 
in cm2 for the solid phase are selected. Then the pressure is transformed into stress by 
dividing it with the thickness of the deposited layer which will change with each percent  
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Figure (3-18) schematic for the direct mixing process. 
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of SWCNTs added. The area also transfers to m2 and length of the produced film is 
specified and considered as Lo for that percentage of solution added to the trough. Then 
the amount of strain is accounted by calculating the change in length for the produced 
films divided by its original length. Later, the number of stresses and strains for the 
specified films are drawn, and the slope of the curve which represents the stiffness in 
MPa is calculated. Figure (3-19) shows an example for the isotherm which had 0.037 
volume fraction (Vf) of SWCNTs. A high-resolution STM image for 0.01 Vf of SWCNTs 
is shown in figure (3-20) which illustrate the arrangements of deposited strips of 
SWCNTs as mixed with PMMA matrix.  
After finishing the calculation processes for the produced average films 
stiffnesses as the percentage of SWCNTs volume fraction was modified, the results are 
drawn in figure (3-21). The graphed values represent the bulk modulus in the lateral 
direction for the produced composite films as mixed with a different volume fractions Vf  
of SWCNTs [155]. Zero percent of the matrix (PMMA) which indicate pristine SWCNTs 
in bundles with a lateral modulus of 10 MPa approximately. The modulus of pure PMMA 
is less than that of pristine SWCNTs and its significant increase as the volume fraction of 
SWCNTs increase. 
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Figure (3-19) Isotherm shows surface pressure as a function of the area for (0.037 
Vf) SWCNTs nanocomposite films produced by the direct mixing process. 
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Figure (3-20) STM image for strips of SWCNTs nanocomposite which had 
(0.01 Vf) SWCNTs. 
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Figure (3-21) Average film stiffness as a function of SWCNTs volume fraction for 
nanocomposite produced by the direct mixing method. 
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3.4.1-1-I Comparing Composite Films Stiffnesses with a Defined Composite Theory. 
 The Rule of mixture is used in this section to compare transverse modulus of a 
defined composite theory with the values of stiffnesses calculated based on our 
experiment’s runs for the direct mixing process of SWCNTs with PMMA. When the 
material is loaded in the direction perpendicular to the reinforcement direction, the 
overall transverse modulus of the bulk composite in the macro level can be calculated 
using the following mathematical equation: 
𝐸2 =
𝐸𝑚 × 𝐸𝑓
(𝐸𝑚× 𝑉𝑓)+(𝐸𝑓 × 𝑉𝑚)
    ………. (8) 
Where; 
E2 = transverse modulus of a composite. 
Em = represents material property for the PMMA matrix. 
Ef  = represents material property for SWCNTs reinforces. 
Vf = SWCNTs volume fraction. 
Vm = PMMA volume fraction which is equal to (Vm = 1- Vf). 
 The value of Ef  can be taken as 1 TPa which is accepted in the literature [153, 
235, 236, 255]. For polymer matrix (PMMA) Em can be taken as 2.5 GPa [256-258]. 
 Figure (3-22) shows the values for transverse modulus in a log scale for both 
defined composite theory and experimental lab results (direct mixing method) as a 
function of SWCNTs volume fractions. 
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Figure (3-22) Comparison between defined composite theory and lab results for the 
produced composite films. 
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The behavior of the two curves illustrates that film stiffnesses increase as the SWCNTs 
volume fraction increases, which confirms the assumptions of using SWCNTs as a 
reinforcement in the produced nanocomposite films [122, 124, 125, 250]. The differences 
between the values of the transverse modulus for the produced composite from the 
defined composite and the lab results for direct mixing method are significant. One of the 
causes for these differences is, for the defined composite theory single tube properties in 
the bulk level are anticipated and considered; therefore, they are expected to be high as 
compared with the properties of bundles of the same tubes considered [248]. This is 
especially significant when the properties are examined in the nano level where many 
assumptions at the bulk and macro level cannot be applied [8]. Another reason is the 
effect of load/stress transmissivity between fiber-matrix can have significant influence on 
the properties of the produced composite which is not included in the mathematical 
relation used for calculating the transverse modulus in the bulk level [259-261]. By using 
the same equation (8) used to theoretically calculate (E2) and add the interphase effect it 
will be: 
1
𝐸2
=
𝑉𝑓
𝐸𝑓
+
𝑉𝑚
𝐸𝑚
+
𝑉𝑓𝑉𝑚
𝐾
 …… (9) 
Where K represents the interphase factor. If an arbitrary value for the calculated E2 is 
anticipated from figure (3-22) and inserted in equation (9) with considering the others 
constant parameter (Em, Ef, Vm, Vf), then the value of k parameter will be significant 
[262-264]. The theoretical results of the calculated transverse modulus for the produced 
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composite can be modified significantly by contributing the effect of the interphase factor 
[260]. Interphase basically can be defined as the volume of the material affected by the 
interaction at the interface of polymer matrix with filler [265]. It also can be represented 
as three-dimensional zone, which will be distinct from the two-dimensional interface and 
can give an indication for the presence of mechanically and chemically altered zone 
between the existing adjacent phases [265]. The interphase helps in the gradation from 
one phase to another, which will prevent the abrupt change due to the huge differences in 
the properties of the composite material [266, 267].     
 Figure (3-23) shows the fitting of interphase to our experimental data which 
provide a good agreement apparent from the curve behavior. The value of interphase 
parameter (k) is calculated and it was 20.4 MPa which should be considered in the 
theoretical equation to improve the process of predicting more precise values for the 
determined composite modulus [265]. The existence of the interface is improving the 
strength of the produce composite because it will restrict the mobility and deformation of 
the matrix by introducing mechanical restraint which will reflect directly on the measured 
properties [265, 268]. The degree of restriction mainly depends on the distinct properties 
of the carbon nanotubes and the used matrix [269-271].   
 Many models include empirical and semi-empirical mathematical equations were 
proposed to predict the modulus of filler-polymer nanocomposite [272-274].  
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Figure (3-23) Fitting interphase factor to the experiment data of direct mixing  
composite films. 
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Figure (3-24) shows the results of fitting our experimental data to the Ishai and Cohen 
model to estimate the modulus of composite which is developed based on using rules of 
mixture by the following equation [275]: 
𝐸𝑐
𝐸𝑚
= 1 + 
𝑉𝑓
𝛿
𝛿−1
−𝑉𝑓
1/3  ….… (10) 
Where; 
Ec = represents composite modulus. 
𝛿 = Ef / Em . 
 Another model Verbeek provided (figure (3-25)) to calculate the composite 
modulus which is based on assuming perfect adhesion between phases and the stress 
transfer via a shear mechanism by introducing the following equation [276]:  
𝐸𝑐 =  𝜒𝑓𝐸𝑓𝑉𝑓 + 𝐸𝑚(1 − 𝑉𝑓) …….. (11)  
𝜒𝑓 = 1 − tanh(𝑉𝑓 max)/𝑉𝑓 max .   
 
 Finally, Einstein developed a model base on the concept of hydrodynamic which 
is expressed in equation (12) [277]. This model was simple and it valid at low 
concentration of filler with the assumption of perfect bonding between the used filler and 
matrix [278, 279]:  
𝐸𝑐
𝐸𝑚
= 1 + (2.5 × 𝑉𝑓)     ….… (12) 
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Figure (3-24) Fitting Ishai-Cohen model to the experiment data of direct mixing  
composite films. 
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Figure (3-25) Fitting Verbeek model to the experiment data of direct mixing  
composite films. 
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 From comparing the fitting results of all mentioned models to the experimental 
data, it becomes obvious that the effect of interphase was significant, and it should be 
included in the calculated models (as seen from comparing the results of the selected 
models with the experimental) [280, 281]. Figure (3-26) compared all three anticipated 
models with the experimental data fitting to interphase factor which can show the 
necessity of developing a new model that takes in consideration the effect of the 
interphase between the filler tubes and polymer matrix [282-284].  
 Many methods can be used to enhance the interfacial effect between the filler and 
matrix in the bulk scale such as oxidation, heat treatment or chemical functionalization of 
the fiber with certain material [285-287]. The major challenges for applying those 
methods in the nano level are their direct effect on the structure of the CNTs which is 
mainly sensitive to any chemical material because it will definitely modify it [144]. In 
addition to that, many factors which are considered in the bulk level cannot be applied to 
the nano level because new parameters should be taken into consideration with designing 
composites in the nano scale [8]. 
  The properties of the produced films in the nano-level mainly depend on the 
surface energy for the aligned tubes in the produced composites. Therefore, developing a 
new composite theory to study the behavior in the nano level based on the surface energy 
became crucial. 
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Figure (3-26) Comparing three models to the experiment data of the direct mixing   
composite films. 
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3.4.1-2 Electrical Properties. 
 The same process which is applied in section (3.3-4) to measure the conductivity 
of the produced SWCNTs monolayer will be used in this section [211].  Figure (3-27) 
shows the conductivity in longitudinal and transverse directions of the deposited samples 
as a function of SWCNTs Vf. The conductivity in longitudinal direction is approximately 
1.5 times its value in the transverse direction. The conductivity for the produced 
nanocomposite films is less than the value for a monolayer of well-aligned SWCNTs by 
four orders of magnitude. Figure (3-28) illustrated the difference between the 
conductivities values in both directions in the form of a histogram. The reason for the 
difference in the values of the measured conductivities in both directions can be related to 
losing the orientation by the effect of wrapping the polymer chains to SWCNTs which 
will enforce the tubes to orient in different directions. Another reason can be related to 
the effect of decreasing the SWCNTs volume fraction which will increase the insulation 
of the produced nanocomposite. Figure (3-29) shows ratios between the transverse to 
longitudinal conductivities. From comparing the differences between the bars ratios, it 
become clear that the tubes orientation didn’t have the major effect on decreasing the 
measured conductivities and the governing rule will be applied for increasing the 
percentage of the insulators added (decreasing SWCNTs Vf) which represents the most 
probable scenario [108, 138, 211].  
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Figure (3-27) conductivity (S/cm) in both direction as a function of SWCNTs 
Vf by direct mixing method. 
 
124 
 
  
Figure (3-28) Histogram comparison for the conductivity (S/cm) in both 
direction as a function of SWCNTs Vf. 
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Figure (3-29) Ratios between conductivities in the transverse and 
longitudinal directions for the direct mixing method. 
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3.4.2 Nanocomposite by the In-situ Polymerization technique. 
3.4.2-1 Mechanical properties.  
 In-situ is a Latin idiom mean in position [127]. This process involves the 
formation of a stable thermodynamic phase within the matrix. A certain amount of 
monomer (MMA) is anticipated. After that, a mixing process for SWCNTs with MMA 
and UV initiator (2-HYDROXY-2-METHYLPROPIOPHENONE) takes place [248]. The 
process is handled in a dark place where no UV source is applied at this time. Due to the 
morphology of the liquid monomer used more freedom will apply for the SWCNTs to 
arrange and align themselves [121]. After anticipating certain amount of solution and 
dispersing on the surface of trough, UV light with a wavelength of 254 nm is exposed to 
the surface to allow for the bulk polymerization process to start. The produced composite 
represents a thermoset, so it cannot be reshaped after the polymerization process takes 
place [248]. Finally, the order will apply to start the compressing process and get the 
isotherm graph for the produced films to calculate their properties as used for the 
previous experiments. Figure (3-30) shows the values of the stiffnesses for the produced 
films after finishing the calculations processes [254]. The graph shows lateral modulus as 
a function of different volume fractions Vf  of SWCNTs used in these experiments. The 
curing agent is not added because it may influence the properties of the produced films 
[28]. The main advantages of the in-situ polymerization are the surface of SWCNTs will  
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Figure (3-30) Average film stiffness as a function of SWCNTs Vf by in-situ 
polymerization.  
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be free from contaminations, the interaction between the reinforcement  (SWCNTs) and 
matrix (PMMA in-situ) will hold a place in the molecular level of the nanocomposite and 
the dispersion will better hold place due to the low viscosity of the monomer in the pre-
polymerization process [3, 248]. All those factors will contribute to improve the 
mechanical properties of the produced nanocomposite structure due to better control of 
the dispersion and alignment process. Meanwhile, the effect of the free radicals in the UV 
initiator influences the structure (unzipping) of SWCNTs and decreases the stiffnesses of 
the produced SWCNTs films and their composites because tubes will be broken into 
different irrelevant shapes and hexagons as shown in figure (3-30) [288-290]. 
3.4.2-2 Electrical Properties. 
The same process which was applied to measure the electrical properties for the 
deposited direct mixing method mentioned in section (3.4.1-2) will be used [211].  Figure 
(3-31) shows the conductivity in the longitudinal and transverse directions of the 
deposited samples as a function of SWCNTs Vf -(in-situ). Figure (3-32) illustrates the 
difference between the conductivity measured values in the form of a histogram. 
Conductivity in the longitudinal direction is about twice in average greater than the value 
of that in the transverse direction. Meanwhile to compare the values for the produced 
nanocomposite conductivities with the pristine SWCNTs film we will be lower by six 
order of magnitude, which is mostly due to the effect of the free radical on the structure 
of SWCNTs. Figure (3-33) shows the ratio of transverse to longitudinal  
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Figure (3-31) conductivity (S/cm) in both direction as a function of SWCNTs 
Vf  (in-situ) polymerization. 
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Figure (3-32) Histogram comparison for the conductivity (S/cm) in both 
direction as a function of SWCNTs Vf (in-situ). 
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Figure (3-33) Ratios between conductivities in the transverse and longitudinal 
directions for the (in-situ) polymerization method. 
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conductivities. The difference in the ratios values are small which can interperate as the 
effect of orientation of tubes will not have a significant effect on the measured values for 
conductivities. Therefore, the effect of increasing the percentage of insulator by 
decreasing SWCNTs Vf will directly impact the values of the measured conductivities.  
In addition to that, the present of the free radicals in the UV initiator mainly contributes 
in unzipping the carbon nanotubes and break the structure into different hexagonal shapes 
[291, 292]. Those newly produced shapes will contribute in improving the electrical 
properties for the insulator matrix and produce orthotropic material, but not have the 
same electronic structure as the pristine SWCNTs [293, 294]. Figure (3-34) shows 
schematic for the effect of the free radical on the structure of SWCNTs and how that will 
contribute in changing the grafting polymerization process for the produced composite as 
the percentage of PMMA-(in-situ) increases [108, 138, 211]. In addition to that, the effect 
of the free radicals in the UV initiator contributes to decrease the conductivity values due 
to their direct effect on damaging the structure of SWCNTs used and produced material 
had orthotropic structural properties with many defect points [292, 295].   
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Figure (3-34) Schematic for the effect of the free radical on the structure of 
SWCNTs in the (in-situ) polymerization process.  
CNTs 
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3.4.3 Comparing the Results for Direct Mixing and In-Situ Polymerization. 
3.4.3-1 Comparing Mechanical Properties for Two Composites Production 
 Methods. 
Interfacial interaction between SWCNTs and PMMA matrix represents the main 
feature which can control the performance of the produced composite [296]. Good 
dispersion of SWCNTs in the PMMA matrix will contribute to provide more surface area 
for the filler to bond with the polymer matrix [296-298]. In addition to that, it will work 
on reducing SWCNTs agglomerations and aggregations in the polymer matrix which can 
work as stress concentration and mainly have a detrimental effect on the mechanical 
properties of the produced composite [296, 299, 300]. In our work dispersion process is 
achieved by sonicating both SWCNTs and polymer for a specific amount of time. The 
average stiffnesses values for the produced films by the direct mixing and in-situ 
polymerization are shown in figure (3-35). The stiffnesses values for the in-situ 
polymerization of nanocomposite are significantly reduced as compared with the direct 
mixing process because of the free radical (FRs) effects caused by the in- situ 
polymerization process (UV initiator) on the structure of SWCNTs [290, 295, 301]. The 
FRs are affecting the physical structure of SWCNTs and reacting with them easily [290, 
295, 301], due to the natural structure of SWCNTs which nominate them to be excellent 
free radical scavengers [288].  
SWCNTs exhibit strong reactivity toward free radicals because of the high  
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Figure (3-35) Average film stiffness as a function of SWCNTs Vf by both direct 
mixing and in-situ polymerization methods. 
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electron affinity with the SP2- hybridization structure [288, 302]. The FRs will attach to 
the surface of SWCNTs which is usually stable and change their inactive state [288, 290, 
302]. Our results confirm what is published by many researchers that free radicals tend to 
minimize the characterizations for SWCNTs because they mainly modify their structure 
[288, 302-305].   
In addition to the effect of FRs on the structure of SWCNTs, they also have 
significant effects on the polymer properties [290, 306, 307]. The main disadvantage for 
the FRs on the polymer structure which has been used in the nanocomposite material is 
that it does not provide sufficient control over the produced polymer chain length during 
the polymerization process with SWCNTs [289, 290, 307].    
3.4.3-2 Comparing Electrical Properties. 
 As mentioned before, the high aspect ratio with the excellent electrical properties 
for SWCNTs contribute to enhance conductivity for the insulator PMMA matrices [308]. 
Due to the structure and arrangement of SWCNTs in the produced composite with 
PMMA matrix they will form a continuous electron path or conducting network after 
reaching percolation limits which represent the way of arrangement of those networks in 
the PMMA matrix that will raise the values of conductivity in the polymer several orders 
of magnitude [308, 309]. Figure (3-36) shows the measured conductivities for both of the 
direct mixing and in-situ polymerization as a function of SWCNTs volume fraction in the 
longitudinal direction.   
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Figure (3-36) conductivity in the longitudinal direction as a function of SWCNTs Vf 
by both direct mixing and in-situ polymerization methods. 
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For the direct mixing method conductivity values in the direction is approximately one 
order of magnitude higher than that for the in-situ polymerization due to the free radical 
effect on the structure of SWCNTs [301, 303, 307]. The orientation of SWCNTs in the 
produced composite is changed due to decreasing the values of the measured 
conductivities as compared with values of the pristine SWCNTs films. These changes in 
the orientation of the tubes in the produced composite also can result from the warping of 
the polymer chains to the SWCNTs while mixing together during the composite 
processing process [71]. SWCNTs are very sensitive to the conditions that surround them 
[309]. Therefore, during processing with the polymer, the structure sensitivity should be 
taken into consideration [308]. 
  The conductivity in the transverse direction of the two methods also shows that 
direct mixing provides a better-measured value from the in-situ polymerization for the 
same reasons which are related to the free radicals provided in the in-situ polymerization 
[289, 302, 303, 306]. The conductivity decreased as the SWCNTs Vf decreased as shown 
in figure (3-37).  
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Figure (3-37) conductivity in the transverse direction as a function of SWCNTs Vf 
by both direct mixing and in-situ polymerization methods. 
140 
 
3.4.4 Comparing Results for Chemically and Physically linked SWCNTs in the 
 Produced Monolayer Film.  
3.4.4-1 Comparing Mechanical Properties. 
 SWCNTs can chemically link to produce a monolayer by adding UV initiator to 
the solution (SWCNTs and solvent) then polymerize all together. The free radical species 
(FRs) which are available in the UV initiator contain one or more unpaired electrons 
[292, 310, 311]. Those electrons will react with the surface of SWCNTs which is usually 
inert and modify tubes structure [292, 310, 311]. Carbon nanotubes can be represented as 
large arrays of conjugate double bond very active for receiving free radical effect, 
therefore they are named free radical scavengers [312]. FRs will work to unzip the 
cylindrical shape for SWCNTs and break it to pieces of different hexagonal shapes. This 
process will definitely affect the structure of SWCNTs and produce different types of 
defects which mainly reflect on the physical, mechanical, and electrical performance 
[313-316].   
 Physically linking SWCNTs to produce a monolayer has been studied in detail in 
section (3.3-3) for the mechanical properties of the produced monolayer film. The 
structure of the tubes was not affected because none of the chemical or physical methods 
was used to functionalize SWCNTs. Figure (3-38) shows the difference between the 
values of the calculated monolayer film stiffnesses in the transverse direction for the 
direct deposition (physically) of pristine SWCNTs and chemically linked SWCNTs.  
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Figure (3-38) Comparing between film stiffness (MPa) of the produced SWCNTs 
monolayer of physically linking VS chemically linking processes 
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For the chemically linked SWCNTs the value for the film stiffness is reduced by 40 % 
due to the effect of the free radical associated with the UV initiators which mainly 
influence the structure of the SWCNTs deposited monolayer and directly appear on the 
performance [291, 317, 318].  
3.4.4-2 Comparing Electrical Properties. 
 As shown in section (3.3-4) the values of measured conductivities vary within the 
range of (5 e4 and 1 e4) S/cm depending on the direction for the physically linked 
SWCNTs in the produced monolayer. The electronic structure of SWCNTs is unaffected 
because none of the chemical materials were included in the processing process.  
 Figure (3-39) shows the difference between the values of the measured 
conductivities for a monolayer film of physically and chemically linked SWCNTs. The 
effect of the free radical in the chemically linked SWCNTs was significant and can be 
observed from comparing the values for the measured conductivities. For the chemically 
linked process the conductivity was decreased by two order of magnitude from the 
physical process. The most probable scenario is the effect of free radicals on damaging 
the structure of the SWCNTs and produce defect regions which definitely will affect the 
electronic structure of the SWCNTs [319-323].     
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Figure (3-39) Comparing between conductivity values (S/cm) for the produce 
SWCNTs monolayer of physically linking VS chemically linking processes. 
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CHAPTER 4: Conclusions and Recommendations for Future 
works 
4.1 Conclusion. 
• A monolayer of highly oriented single-walled carbon nanotubes has been 
successfully processed using the Langmuir-Blodgett technique.   
• Our current study shows a processing methodology that would enable the full 
recognition of the superior properties of nanotubes on a bulk scale.. 
• The compressive behavior of such highly orthotropic films demonstrated a linear 
stress/strain relationship up to 30% with an elastic modulus in the range of 10 
MPa making its compressive behavior in the transverse direction similar to 
rubbery materials. 
• The measured electrical properties show significant improvements as compared to 
metallic networks of SWCNTs.   
• Our produced films can be deposited on different types of substrates with 
different shapes (flat or curve) depending on the required applications. 
• Conductivity decreases as the number of stacked layers increases most probably 
due to the effect of the stacked layers on the tubes electronic structure up to 11 
layers. 
• Both the direct mixing method and the in-situ polymerization technique show that 
the conductivities of the produced films increase as the weight fraction of 
SWCNTs added to the nanocomposite is increased. 
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• The conductivity for the composite films for direct mixing in longitudinal and 
transverse directions is higher than the values for the in-situ polymerization due to 
the damaging effect of free radicals on the structure and properties of SWCNTs.   
• The effect of dispersion of SWCNTs in the PMMA matrix for the two used 
methods of producing nanocomposite films was significant on the orientation of 
tubes. Also, the wrapping of polymer chains to SWCNTs can align them in 
different directions; those two issues can be recognized from comparing the 
conductivity values for the produced nanocomposite films with the pristine 
SWCNTs films. 
• Depending on the applications at which the nanocomposite produced films can be 
used, our work shows that the free radicals from the UV initiator had a significant 
effect on damaging the structure of SWCNTs and should be taken into 
consideration.  
• The produced films for pristine SWCNTs and nanocomposite both had excellent 
transparency to the visible and infrared radiation. 
• CNTs-PMMA Interphase effect was significant and should be taken in 
consideration in the theoretical models which are used to estimate this type of 
nanocomposite mechanical constant. 
• Free radical in the in-site polymerization should not  be used to produce 
SWCNTs/PMMA nanocomposites because of the tremendous damage of the 
structure and, hence, the superior properties of the nanotubes.  
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4.2 Recommendations for Future Works. 
• New multi-scale simulation models need to be developed to accurately understand 
the formation, properties, and the impact of the interphase in this class of 
nanocomposites. 
• The effect of laminating the successful produced highly oriented SWCNTs films 
with different orientation is still uncharted field and needs to be investigated. 
• The production of sandwiched fullerene films using the LB technique is now 
possible and should be explores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
147 
 
References 
[1] R. A. Vaia, R. Krishnamoorti, and C. American Chemical Society. Meeting : San 
Francisco, Polymer nanocomposites. 
[2] R. Das, Z. Shahnavaz, M. E. Ali, M. M. Islam, and S. B. Abd Hamid, "Can We 
Optimize Arc Discharge and Laser Ablation for Well-Controlled Carbon 
Nanotube Synthesis?," Nanoscale research letters, vol. 11, no. 1, pp. 510-510, 
2016. 
[3] A. Dasari, Z.-Z. Yu, and Y. W. Mai, Polymer nanocomposites. [electronic 
resource] : towards multi-functionality (Engineering materials and processes). 
London : Springer London, 2016, 2016. 
[4] W. Zhou, W. Ma, Z. Niu, L. Song, and S. Xie, "Freestanding single-walled carbon 
nanotube bundle networks: Fabrication, properties and composites,"  vol. 57, ed, 
2012, pp. 205-224. 
[5] L. Song et al., "Direct synthesis of a macroscale single-walled carbon nanotube 
non-woven material,"  vol. 16, ed, 2004, pp. 1529-+. 
[6] X. Zhao, S. Inoue, M. Jinno, T. Suzuki, and Y. Ando, "Macroscopic oriented web 
of single-wall carbon nanotubes," Chemical Physics Letters, Short 
Communication vol. 373, pp. 266-271, 1/1/2003 2003. 
[7] W. Ma et al., "Directly synthesized strong, highly conducting, transparent single-
walled carbon nanotube films," Nano Letters, vol. 7, no. 8, pp. 2307-2311, 2007. 
[8] M. S. Amer, Raman spectroscopy, fullerenes and nanotechnology (RSC 
nanoscience & nanotechnology: 13). Cambridge, UK : Royal Society of 
Chemistry, c2010, 2010. 
[9] L. Dominici, F. Michelotti, T. M. Brown, A. Reale, and A. D. Carlo, "Plasmon 
polaritons in the near infrared on fluorine doped tin oxide films," Optics Express, 
vol. 17, no. 12, pp. 10155-10167, 2009/06/08 2009. 
[10] P. P. Edwards, A. Porch, M. O. Jones, D. V. Morgan, and R. M. Perks, "Basic 
materials physics of transparent conducting oxides," Dalton Transactions, 
10.1039/B408864F no. 19, pp. 2995-3002, 2004. 
[11] B. Han et al., "Optimization of hierarchical structure and nanoscale-enabled 
plasmonic refraction for window electrodes in photovoltaics," Nature 
communications, vol. 7, pp. 12825-12825, 2016. 
[12] D. S. Hecht, L. Hu, and G. Irvin, "Emerging Transparent Electrodes Based on 
Thin Films of Carbon Nanotubes, Graphene, and Metallic Nanostructures," 
Advanced Materials, vol. 23, no. 13, pp. 1482-1513, 2011. 
[13] X. Ren, X. Li, and W. C. H. Choy, "Optically enhanced semi-transparent organic 
solar cells through hybrid metal/nanoparticle/dielectric nanostructure," Nano 
Energy, vol. 17, pp. 187-195, 2015/10/01/ 2015. 
[14] B. Han et al., "Bio-inspired networks for optoelectronic applications," Nature 
Communications, Article vol. 5, p. 5674, 11/28/online 2014. 
148 
 
[15] B. Han et al., "Uniform Self-Forming Metallic Network as a High-Performance 
Transparent Conductive Electrode," Advanced Materials, vol. 26, no. 6, pp. 873-
877, 2014. 
[16] Z. Chen, W. Li, R. Li, Y. Zhang, G. Xu, and H. Cheng, "Fabrication of Highly 
Transparent and Conductive Indium–Tin Oxide Thin Films with a High Figure of 
Merit via Solution Processing," Langmuir, vol. 29, no. 45, pp. 13836-13842, 
2013/11/12 2013. 
[17] T. Dhakal et al., "Transmittance from visible to mid infra-red in AZO films 
grown by atomic layer deposition system," Solar Energy, vol. 86, no. 5, pp. 1306-
1312, 2012/05/01/ 2012. 
[18] J. E. N. Swallow et al., "Self-Compensation in Transparent Conducting F-Doped 
SnO2," Advanced Functional Materials, vol. 28, no. 4, p. 1701900, 2018. 
[19] M. Tadatsugu, "Transparent conducting oxide semiconductors for transparent 
electrodes," Semiconductor Science and Technology, vol. 20, no. 4, p. S35, 2005. 
[20] J. Wan et al., "Tunable Broadband Nanocarbon Transparent Conductor by 
Electrochemical Intercalation," ACS Nano, vol. 11, no. 1, pp. 788-796, 
2017/01/24 2017. 
[21] J. R. Reynolds, R. L. Elsenbaumer, and T. A. Skotheim, Handbook of Conducting 
Polymers. New York: M. Dekker, 1998. 
[22] T. A. Skotheim and J. R. Reynolds, Handbook of conducting polymers. Boca 
Raton, Fla. ; London : CRC, c2007,3rd ed / edited by Terje A. Skotheim and John 
Reynolds, 2007. 
[23] A. Paul, B. P. Grady, and W. T. Ford, "PMMA composites of single-walled 
carbon nanotubes-graft-PMMA," Journal of Applied Polymer Science, vol. 131, 
no. 4, 2014. 
[24] Z. Spitalsky, D. Tasis, K. Papagelis, and C. Galiotis, "Carbon nanotube–polymer 
composites: Chemistry, processing, mechanical and electrical properties," 
Progress in Polymer Science, vol. 35, no. 3, pp. 357-401, 2010/03/01/ 2010. 
[25] S. N. Tripathi, S. Singh, R. S. Malik, and V. Choudhary, "Effect of Multiwalled 
Carbon Nanotubes on the Properties of Poly(methyl methacrylate) in 
PMMA/CNT Nanocomposites," Macromolecular Symposia, Article vol. 341, no. 
1, pp. 75-89, 2014. 
[26] M. Wu, H.-X. Huang, J. Tong, and D.-Y. Ke, "Enhancing thermal conductivity 
and mechanical properties of poly(methyl methacrylate) via adding expanded 
graphite and injecting water," Composites: Part A, Applied Science & 
Manufacturing, Article vol. 102, pp. 228-235, 2017. 
[27] R. Gupta, K. D. M. Rao, K. Srivastava, A. Kumar, S. Kiruthika, and G. U. 
Kulkarni, "Spray Coating of Crack Templates for the Fabrication of Transparent 
Conductors and Heaters on Flat and Curved Surfaces," ACS Applied Materials & 
Interfaces, vol. 6, no. 16, pp. 13688-13696, 2014/08/27 2014. 
149 
 
[28] A. Kumar, "Predicting efficiency of solar cells based on transparent conducting 
electrodes," Journal of Applied Physics, vol. 121, no. 1, p. 014502, 2017. 
[29] F. Louwet et al., "PEDOT/PSS: synthesis, characterization, properties and 
applications," Synthetic Metals, vol. 135-136, pp. 115-117, 2003/04/04/ 2003. 
[30] F. Muench et al., "Electrodeposition and electroless plating of hierarchical metal 
superstructures composed of 1D nano- and microscale building block," 
Electrochimica Acta, vol. 202, pp. 47-54, 2016. 
[31] K. D. M. Rao, R. Gupta, and G. U. Kulkarni, "Fabrication of Large Area, High-
Performance, Transparent Conducting Electrodes Using a Spontaneously Formed 
Crackle Network as Template," Advanced Materials Interfaces, vol. 1, no. 6, p. 
1400090, 2014. 
[32] R. Perumalraj and K. S. Narayanan, "Nano silver conductive composite material 
for electromagnetic compatibilit," Journal of Reinforced Plastics and Composites, 
vol. 33, no. 11, pp. 1000-1016, 2014. 
[33] M. Song et al., "Highly Efficient and Bendable Organic Solar Cells with Solution-
Processed Silver Nanowire Electrodes," Advanced Functional Materials, Article 
vol. 23, no. 34, pp. 4177-4184, 2014. 
[34] S. Ye, A. R. Rathmell, Z. Chen, I. E. Stewart, and B. J. Wiley, "Metal Nanowire 
Networks: The Next Generation of Transparent Conductors,"  vol. 26, ed, 2014, 
pp. 6670-6687. 
[35] W. Janrungroatsakul et al., "Development of coated-wire silver ion selective 
electrodes on paper using conductive films of silver nanoparticle," Analyst, vol. 
138, no. 22, pp. 6786-6792, 2013. 
[36] J. Saghaei, A. Fallahzadeh, and T. Saghaei, "ITO-free organic solar cells using 
highly conductive phenol-treated PEDOT:PSS anodes," Organic Electronics, vol. 
24, pp. 188-194, 2015/09/01/ 2015. 
[37] K. D. M. Rao, C. Hunger, R. Gupta, G. U. Kulkarni, and M. Thelakkat, "A 
cracked polymer templated metal network as a transparent conducting electrode 
for ITO-free organic solar cells," Physical Chemistry Chemical Physics, 
10.1039/C4CP02250E vol. 16, no. 29, pp. 15107-15110, 2014. 
[38] H. Reza and H. Leila Moradi, "A study on separated and combined effects of 
stoechas extract(Lavandula stoechas) and silver nano-particles on Klebsiella 
pneumoniae biofilm formation," Majallah-i Dānishgāh-i ’Ulūm-i Pizishkī-i Īlām, 
Vol 26, Iss 3, Pp 187-199 (2018), article no. 3, p. 187, 2018. 
[39] G. Schmid, Nanoparticles : from theory to application. Weinheim : Wiley-VCH, 
2010,2nd ed. revised and updated, 2010. 
[40] A. M. Brodsky, Nanoparticles : optical and ultrasound characterization. Berlin ; 
Boston : Walter De Gruyter, c2012, 2012. 
[41] C. d. M. Donegá, Nanoparticles : workhorses of nanoscience. Heidelberg : 
Springer, 2014, 2014. 
150 
 
[42] A. E. Kestell and G. T. DeLorey, Nanoparticles : properties, classification, 
characterization, and fabrication (Nanotechnology science and technology). 
Hauppauge, N.Y. : Nova Science Publishers, 2010, 2010. 
[43] s. Ali and S. Mohammad, "Nanophytosynthesis and Characterization of Silver 
Nano Particles Using Chrysanthemum parthenium Extract as an Eco-Friendly 
Method," Journal of Chemical Health Risks, Vol 8, Iss 1 (2018), article no. 1, 
2018. 
[44] V. P. S. Awana, "Short Note on Superconductivity at Ambient Temperature and 
Pressure in Silver Embedded Gold Nano-particles: A Goldsmith job ahead," ed, 
2018. 
[45] H. Bleier et al., "Transparent electrically conductive composite materials: 
Methods of preparation and their application," Synthetic Metals, Article vol. 57, 
pp. 3605-3610, 1/1/1993 1993. 
[46] Y. Liu, J. Tang, J. Li, K. Fu, and H. Zhu, "Temperature-dependent distribution of 
silver nano particles on ferroelectric substrate: Molecular dynamics simulation,"  
vol. 531, ed, 2018, pp. 62-71. 
[47] W. D. P. Rengga, A. Chafidz, M. Sudibandriyo, M. Nasikin, and A. E. Abasaeed, 
"Silver nano-particles deposited on bamboo-based activated carbon for removal of 
formaldehyde," Journal of Environmental Chemical Engineering, Article vol. 5, 
pp. 1657-1665, 4/1/April 2017 2017. 
[48] Z. Ying and A. Reiko, "Carbon nanotube based transparent conductive films: 
progress, challenges, and perspectives," Science and Technology of Advanced 
Materials, Vol 17, Iss 1, Pp 493-516 (2016), article no. 1, p. 493, 2016. 
[49] Y. Zhou and R. Azumi, "Carbon nanotube based transparent conductive films: 
progress, challenges, and perspectives,"  vol. 17, ed, 2016, pp. 493-516. 
[50] Q. Liu, T. Fujigaya, H.-M. Cheng, and N. Nakashima, "Free-standing highly 
conductive transparent ultrathin single-walled carbon nanotube films," Journal Of 
The American Chemical Society, vol. 132, no. 46, pp. 16581-16586, 2010. 
[51] M. Batmunkh, M. J. Biggs, and J. G. Shapter, "Carbonaceous Dye-Sensitized 
Solar Cell Photoelectrodes," Advanced Science, vol. 2, no. 3, p. 1400025, 2015. 
[52] Y. Shabdan, A. Ronasi, P. Coulibaly, M. Moniruddin, and N. Nuraje, "Engineered 
core-shell nanofibers for electron transport study in dye-sensitized solar cells," 
AIP Advances, vol. 7, no. 6, p. 065008, 2017. 
[53] S. D. Brotherton, Introduction to thin film transistors. [electronic resource] : 
physics and technology of TFTs. Cham ; New York : Springer, c2013, 2013. 
[54] P. Szroeder, N. G. Tsierkezos, P. Scharff, and U. Ritter, "Electrocatalytic 
properties of carbon nanotube carpets grown on Si-wafers," Carbon, Article vol. 
48, pp. 4489-4496, 1/1/2010 2010. 
[55] A. TermehYousefi, M. RusopMahmood, and I. Shoichiro, "Controlling of 
Deposition Time as an Effective Parameter on Purified Growth CNTs based on 
TCVD Method," AIP Conference Proceedings, vol. 1733, no. 1, p. 1, 05/13/ 2016. 
151 
 
[56] J. Wei, C. Qiu, C. Y. Tang, R. Wang, and A. G. Fane, "Synthesis and 
characterization of flat-sheet thin film composite forward osmosis membranes," 
Journal of Membrane Science, vol. 372, no. 1, pp. 292-302, 2011/04/15/ 2011. 
[57] D. U. Zuru, Z. Zainal, M. Z. Hussein, A. M. Jaafar, L. Hong-Ngee, and C. Sook-
Keng, "Theoretical and experimental models for the synthesis of single-walled 
carbon nanotubes and their electrochemical properties," Journal of Applied 
Electrochemistry, vol. 48, no. 3, p. 287, 03// 2018. 
[58] P. Szroeder, N. G. Tsierkezos, P. Scharff, and U. Ritter, "Electrocatalytic 
properties of carbon nanotube carpets grown on Si-wafers," Carbon, Article vol. 
48, no. 15, pp. 4489-4496, 2010. 
[59] F. Mirri et al., "High-Performance Carbon Nanotube Transparent Conductive 
Films by Scalable Dip Coating,"  vol. 6, ed, 2012, pp. 9737-9744. 
[60] H. An et al., "Chirality specific and spatially uniform synthesis of single-walled 
carbon nanotubes from a sputtered Co-W bimetallic catalyst," Nanoscale, vol. 8, 
no. 30, pp. 14523-14529, 2016. 
[61] M. Kumar and Y. Ando, "Chemical vapor deposition of carbon nanotubes: a 
review on growth mechanism and mass production," Journal Of Nanoscience And 
Nanotechnology, vol. 10, no. 6, pp. 3739-3758, 2010. 
[62] F. Yang et al., "Chirality-specific growth of single-walled carbon nanotubes on 
solid alloy catalysts," Nature, vol. 510, no. 7506, pp. 522-524, 2014. 
[63] J. H. Kim et al., "Simple and cost-effective method of highly conductive and 
elastic carbon nanotube/polydimethylsiloxane composite for wearable 
electronics," Scientific Reports, vol. 8, no. 1, p. 1375, 2018/01/22 2018. 
[64] S. Park, M. Vosguerichian, and Z. Bao, "A review of fabrication and applications 
of carbon nanotube film-based flexible electronics," Nanoscale, 
10.1039/C3NR33560G vol. 5, no. 5, pp. 1727-1752, 2013. 
[65] D. U. Zuru, Z. Zainal, M. Z. Hussein, A. M. Jaafar, H.-N. Lim, and S.-K. Chang, 
"Theoretical and experimental models for the synthesis of single-walled carbon 
nanotubes and their electrochemical properties," Journal of Applied 
Electrochemistry, vol. 48, no. 3, pp. 287-304, 2018/03/01 2018. 
[66] P. J. F. Harris, Carbon nanotube science : synthesis, properties and applications. 
Cambridge, UK ; New York : Cambridge University Press, 2009,[Rev. and 
updated ed.], 2009. 
[67] M. Batmunkh, M. J. Biggs, and J. G. Shapter, "Carbon Nanotubes for Dye-
Sensitized Solar Cells," Small, vol. 11, no. 25, pp. 2963-2989, 2015. 
[68] J. W. Jo, J. W. Jung, J. U. Lee, and W. H. Jo, "Fabrication of highly conductive 
and transparent thin films from single-walled carbon nanotubes using a new non-
ionic surfactant via spin coating," ACS Nano, vol. 4, no. 9, pp. 5382-5388, 2010. 
[69] F. Mirri et al., "High-Performance Carbon Nanotube Transparent Conductive 
Films by Scalable Dip Coating," ACS Nano, vol. 6, no. 11, pp. 9737-9744, 
2012/11/27 2012. 
152 
 
[70] Y. Zhou, L. Hu, and G. Grüner, "A method of printing carbon nanotube thin 
films," Applied Physics Letters, vol. 88, no. 12, p. 123109, 2006. 
[71] J. E. Morris, Nanoelectronic device applications handbook. [electronic resource] 
(Devices, circuits, and systems). Boca Raton, FL : CRC Press, c2013, 2013. 
[72] B. Su, Y. Wu, and L. Jiang, "The art of aligning one-dimensional (1D) 
nanostructures," Chemical Society Reviews, vol. 41, no. 23, pp. 7832-7856, 2012. 
[73] D. Andrienko and S. Ludwigs, P3HT revisited : from molecular scale to solar cell 
devices (Advances in polymer science: 265). Berlin : Springer, [2014], 2014. 
[74] S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley, and R. B. 
Weisman, "Structure-Assigned Optical Spectra of Single-Walled Carbon 
Nanotubes," Science, vol. 298, no. 5602, pp. 2361-2366, 2002. 
[75] J. G. Croissant, X. Cattoen, J.-O. Durand, M. W. C. Man, and N. M. Khashab, 
"Organosilica hybrid nanomaterials with a high organic content: syntheses and 
applications of silsesquioxanes,"  vol. 8, ed, 2016, pp. 19945-19972. 
[76] M. A. Correa-Duarte et al., "Alignment of carbon nanotubes under low magnetic 
fields through attachment of magnetic nanoparticles,"  vol. 109, ed, 2005, pp. 
19060-19063. 
[77] M. A. Correa-Duarte et al., "Alignment of Carbon Nanotubes under Low 
Magnetic Fields through Attachment of Magnetic Nanoparticles," The Journal of 
Physical Chemistry B, vol. 109, no. 41, pp. 19060-19063, 2005/10/01 2005. 
[78] H. Li et al., "One-Dimensional CdS Nanostructures: A Promising Candidate for 
Optoelectronics," Advanced Materials, vol. 25, no. 22, pp. 3017-3037, 2013. 
[79] R. Li, W. Hu, Y. Liu, and D. Zhu, "Micro- and nanocrystals of organic 
semiconductors," (in eng), Acc Chem Res, vol. 43, no. 4, pp. 529-40, Apr 20 
2010. 
[80] A. A. Tseng, Nanofabrication : fundamentals and applications. Singapore ; 
Hackensack, NJ : World Scientific, c2008, 2008. 
[81] Y. S. Zhao, Organic nanophotonics : fundamentals and applications (Nano-
Optics and Nanophotonics). Berlin : Springer, [2014], 2014. 
[82] D. Correa et al., "Alignment of Carbon Nanotubes under Low Magnetic Fields 
through Attachment of Magnetic Nanoparticles," Journal of Physical Chemistry 
B, Article vol. 109, no. 41, pp. 19060-19063, 2005. 
[83] Vishalli, R. Kaur, K. K. Raina, and K. Dharamvir, "Investigation on Single 
Walled Carbon Nanotube Thin films Deposited by Langmuir Blodgett Method," 
AIP Conference Proceedings, vol. 1662, no. 1, p. 1, 08// 2015. 
[84] E. S. W. Kong, Nanomaterials, polymers, and devices : materials 
functionalization and device fabrication. Hoboken, New Jersey : Wiley, [2015], 
2015. 
[85] Y. Ma, B. Wang, Y. Wu, Y. Huang, and Y. Chen, "The production of horizontally 
aligned single-walled carbon nanotube," Carbon, vol. 49, no. 13, pp. 4098-4110, 
2011. 
153 
 
[86] B. E. Perilloux, "Discrete thin-film thickness-modulated designs: spacing of all 
possible stopbands," Applied Optics, Article vol. 38, no. 13, pp. 2911-2915, 05// 
1999. 
[87] K. Artyushkova and S. Pylypenko, "Application of surface analysis methods to 
study alignment mechanism and orientation of liquid crystal," Journal of 
Molecular Liquids, vol. 267, pp. 542-549, 2018. 
[88] L. Xiaolin et al., "Langmuir--Blodgett Assembly of Densely Aligned Single-
Walled Carbon Nanotubes from Bulk Materials," Journal of the American 
Chemical Society, Article vol. 129, no. 16, pp. 4890-4891, 2007. 
[89] M. H. Köpf, H. Harder, J. Reiche, and S. Santer, "Impact of Temperature on the 
LB Patterning of DPPC on Mica," Langmuir, vol. 27, no. 20, pp. 12354-12360, 
2011/10/18 2011. 
[90] X. Li et al., "Langmuir-blodgett assembly of densely aligned single-walled carbon 
nanotubes from bulk materials," Journal Of The American Chemical Society, vol. 
129, no. 16, pp. 4890-4891, 2007. 
[91] L. Mai et al., "Orientated Langmuir−Blodgett Assembly of VO2 Nanowires," 
Nano Letters, vol. 9, no. 2, pp. 826-830, 2009/02/11 2009. 
[92] K. Naoki, T. Akihiro, K. Osamu, N. Ryuta, and K. Masahito, "Carbon nanotube 
growth from films of Langmuir–Blodgett deposited Fe nanoparticles with filler 
molecules," Japanese Journal of Applied Physics, vol. 53, no. 2S, p. 02BD08, 
2014. 
[93] M. C. Petty and W. A. Barlow, "Film Deposition," in Langmuir-Blodgett Films, 
G. Roberts, Ed. Boston, MA: Springer US, 1990, pp. 93-132. 
[94] R. T. Rodrigues, P. V. Morais, C. S. F. Nordi, M. J. Schoening, J. R. Siqueira, Jr., 
and L. Caseli, "Carbon Nanotubes and Algal Polysaccharides To Enhance the 
Enzymatic Properties of Urease in Lipid Langmuir-Blodgett Films,"  vol. 34, ed, 
2018, pp. 3082-3093. 
[95] S. Saha, M. Ghosh, B. Dutta, and J. Chowdhury, "Self-assembly of silver 
nanocolloids in the Langmuir–Blodgett Film of stearic acid: Evidence of an 
efficient SERS sensing platform," Journal of Raman Spectroscopy, vol. 47, no. 2, 
pp. 168-176, 2016. 
[96] Y. Kim, N. Minami, W. Zhu, S. Kazaoui, R. Azumi, and M. Matsumoto, 
"Homogeneous and structurally controlled thin films of single-wall carbon 
nanotubes by the Langmuir-Blodgett technique," Synthetic Metals, Article vol. 
135, pp. 747-748, 1/1/2003 2003. 
[97] Y. Kim, N. Minami, W. H. Zhu, S. Kazaoui, R. Azumi, and M. Matsumoto, 
"Langmuir-Blodgett films of single-wall carbon nanotubes: Layer-by-layer 
deposition and in-plane orientation of tubes,"  vol. 42, ed, 2003, pp. 7629-7634. 
[98] T. Di Luccio, F. Antolini, P. Aversa, G. Scalia, and L. Tapfer, "Structural and 
morphological investigation of Langmuir-Blodgett SWCNT/behenic acid 
multilayers," ed, 2003. 
154 
 
[99] A.-R. Liu, D.-J. Qian, T. Wakayama, C. Nakamura, and J. Miyake, "Monolayers, 
Langmuir-Blodgett films of carbon nanotubes-cytochrome c conjugates and 
electrochemistry," Colloids and Surfaces A: Physicochemical and Engineering 
Aspects, Article vol. 284, pp. 485-489, 1/1/2006 2006. 
[100] F. Antolini, T. Di Luccio, E. Serra, P. Aversa, L. Tapfer, and S. Sangiorgi, 
"Deposition and characterization of Langmuir-Blodgett films of cadmium 
arachidate/SWCNTs composites,"  vol. 38, ed, 2006, pp. 1285-1290. 
[101] X. Li et al., "Langmuir blodgett assembly of densely aligned single walled carbon 
nanotubes from bulk materials," ed, 2007. 
[102] L. Jia, Y. Zhang, J. Li, C. You, and E. Xie, "Aligned single-walled carbon 
nanotubes by Langmuir–Blodgett technique," Journal of Applied Physics, Article 
vol. 104, no. 7, p. 074318, 2008. 
[103] A. R. Tao, J. Huang, and P. Yang, "Langmuir−Blodgettry of Nanocrystals and 
Nanowires," Accounts of Chemical Research, vol. 41, no. 12, pp. 1662-1673, 
2008/12/16 2008. 
[104] C. Venet, C. Pearson, A. S. Jombert, M. F. Mabrook, D. A. Zeze, and M. C. Petty, 
"The morphology and electrical conductivity of single-wall carbon nanotube thin 
films prepared by the Langmuir–Blodgett technique," Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, Article vol. 354, pp. 113-117, 
1/1/2010 2010. 
[105] G. Giancane et al., "Aligning Single-Walled Carbon Nanotubes By Means Of 
Langmuir-Blodgett Film Deposition: Optical, Morphological, and Photo-
electrochemical Studies,"  vol. 20, ed, 2010, pp. 2481-2488. 
[106] G. Giancane et al., "Aligning Single-Walled Carbon Nanotubes By Means Of 
Langmuir-Blodgett Film Deposition: Optical, Morphological, and Photo-
electrochemical Studies," Advanced Functional Materials, vol. 20, no. 15, p. 
2481, 08/09/ 2010. 
[107] S.-W. Choi, W.-S. Kang, J.-H. Lee, C. K. Najeeb, H.-S. Chun, and J.-H. Kim, 
"Patterning of hierarchically aligned single-walled carbon nanotube Langmuir-
Blodgett films by microcontact printing," Langmuir: The ACS Journal Of 
Surfaces And Colloids, vol. 26, no. 19, pp. 15680-15685, 2010. 
[108] M. K. Massey, M. C. Rosamond, C. Pearson, D. A. Zeze, and M. C. Petty, 
"Electrical Behavior of Langmuir–Blodgett Networks of Sorted Metallic and 
Semiconducting Single-Walled Carbon Nanotubes," Langmuir, vol. 28, no. 43, 
pp. 15385-15391, 2012/10/30 2012. 
[109] Y. Ma, B. Wang, Y. Wu, Y. Huang, and Y. Chen, "The production of horizontally 
aligned single-walled carbon nanotubes," Carbon, Article vol. 2011 v.49 no.13, 
no. no. 13, pp. pp. 4098-4110, 2011-11 2011. 
[110] J. Di et al., "Ultrastrong, Foldable, and Highly Conductive Carbon Nanotube 
Film,"  vol. 6, ed, 2012, pp. 5457-5464. 
155 
 
[111] S. Myhra and J. C. Rivière, Characterization of nanostructures. Boca Raton : 
Taylor & Francis, c2013, 2013. 
[112] T. Sato, K. Nakamura, S. Takagiwa, and M. Kushida, "Controlling the 
morphology of Vertically-aligned carbon nanotubes using Langmuir-Blodgett 
deposited CoFe2O4, Fe3O4, and Fe nanoparticles with palmitic aci," Thin Solid 
Films, vol. 616, pp. 662-672, 2016. 
[113] I. Yahya, L. L. Theng, S. M. Mustaza, H. Abdullah, and N. Amin, 
"Characterization of Transparent Conducting Carbon Nanotube Thin Films 
Prepared via Different Methods,"  vol. 46, ed, 2017, pp. 1103-1109. 
[114] B. Razieh, S. Abdolreza, and M.-K. Davod, "Engineering of oriented carbon 
nanotubes in composite materials," Beilstein Journal of Nanotechnology, Vol 9, 
Iss 1, Pp 415-435 (2018), article no. 1, p. 415, 2018. 
[115] P. N. Nirmalraj, P. E. Lyons, S. De, J. N. Coleman, and J. J. Boland, "Electrical 
connectivity in single-walled carbon nanotube networks," Nano Letters, vol. 9, 
no. 11, pp. 3890-3895, 2009. 
[116] W. Ma et al., "Directly synthesized strong, highly conducting, transparent single-
walled carbon nanotube films,"  vol. 7, ed, 2007, pp. 2307-2311. 
[117] A. Kaiser, Effect of chemical treatment on electrical conductivity, infrared 
absorption, and Raman spectra of single-walled carbon nanotubes. 
[118] E. Bekyarova et al., "Electronic Properties of Single-Walled Carbon Nanotube 
Networks," Journal of the American Chemical Society, vol. 127, no. 16, pp. 5990-
5995, 2005/04/01 2005. 
[119] T. V. Sreekumar, T. Liu, S. Kumar, L. M. Ericson, R. H. Hauge, and R. E. 
Smalley, "Single-Wall Carbon Nanotube Films," Chemistry of Materials, vol. 15, 
no. 1, pp. 175-178, 2003/01/01 2003. 
[120] T. Andreas et al., "Crystalline Ropes of Metallic Carbon Nanotubes," Science, 
research-article no. 5274, p. 483, 1996. 
[121] Nanomaterials and nanocomposites : zero- to three-dimensional materials and 
their composites. Weinheim, Germany : Wiley-VCH, 2016, 2016. 
[122] A. K. Haghi, S. Thomas, A. Pourhashemi, A. Hamrang, and E. Kłodzińska, 
Nanomaterials and nanotechnology for composites : design, simulation, and 
applications. Oakville, ON : Apple Academic Press, [2015], 2015. 
[123] J. Hári and B. Pukánszky. 
[124] S. Mohanty, S. K. Nayak, B. S. Kaith, and S. Kalia, Polymer nanocomposites 
based on inorganic and organic nanomaterials. [electronic resource] (Polymer 
science and plastics engineering). Beverly, MA : Scrivener Publishing, [2015], 
2015. 
[125] S. Fingerman, "Polymer nanotube nanocomposites; synthesis, properties, and 
applications," Sci-Tech News, Book Review vol. 65, no. 1, pp. 42-42, 2011. 
156 
 
[126] J. Smith, Jr. et al., "Dispersion of Single Wall Carbon Nanotubes by in situ 
Polymerization Under Sonication," ed. United States: NASA Center for 
Aerospace Information (CASI), 2002. 
[127] S. Thomas, Nanocomposites. [electronic resource] (Polymer composites: v. 2). 
Somerset, N.J. : Wiley-VCH Verlag, 2013, 2013. 
[128] M. G. Hamed, A. G. Enad, and E. T. Abdulla, "Synthesis and electrical properties 
of conductive polyaniline/SWCNT nanocomposites," Iraqi Journal of Physics, 
vol. 15, no. 34, pp. 106-113, 2017. 
[129] P. K. Sain, R. K. Goyal, Y. V. S. S. Prasad, and A. K. Bhargava, "Electrical 
Properties of Single-Walled/Multi-Walled Carbon-Nanotubes Filled 
Polycarbonate Nanocomposites," Journal of Electronic Materials, journal article 
vol. 46, no. 1, pp. 458-466, January 01 2017. 
[130] A. Chakravarty, R. Singh, S. Roy, U. Chowdhury, S. Basu, and S. K. Biswas, 
"Aluminum nitride-single walled carbon nanotube nanocomposite with superior 
electrical and thermal conductivities," Journal of the American Ceramic Society, 
vol. 100, no. 8, pp. 3360-3364, 2017. 
[131] B. Mariappan and S. N. Jaisankar, "Properties of polyurethane nanocomposite 
filaments for conductive textile applications," Journal of Thermoplastic 
Composite Materials, vol. 30, no. 10, pp. 1361-1372, 2017. 
[132] F. Du, R. C. Scogna, W. Zhou, S. Brand, J. E. Fischer, and K. I. Winey, 
"Nanotube Networks in Polymer Nanocomposites:  Rheology and Electrical 
Conductivity," Macromolecules, vol. 37, no. 24, pp. 9048-9055, 2004/11/01 2004. 
[133] (2017). Langmuir, Langmuir-Blodgett, Langmuir-Schaefer Technique (Biolin 
Scientific ed.). Available: http://www.biolinscientific.com/technology/l-lb-ls-
technique/. 
[134] K. Yeji, M. Nobutsugu, Z. Weihong, K. Said, A. Reiko, and M. Mutsuyoshi, 
"Langmuir–Blodgett Films of Single-Wall Carbon Nanotubes: Layer-by-layer 
Deposition and In-plane Orientation of Tubes," Japanese Journal of Applied 
Physics, vol. 42, no. 12R, p. 7629, 2003. 
[135] Y. Guo, N. Minami, S. Kazaoui, J. Peng, M. Yoshida, and T. Miyashita, "Multi-
layer LB films of single-wall carbon nanotubes," Physica B: Condensed Matter, 
vol. 323, no. 1, pp. 235-236, 2002/10/01/ 2002. 
[136] A. Kahn, N. Koch, and W. Gao, "Electronic structure and electrical properties of 
interfaces between metals and π-conjugated molecular films," Journal of Polymer 
Science Part B: Polymer Physics, vol. 41, no. 21, pp. 2529-2548, 2003. 
[137] M. K. Massey, "Electrical properties of single-walled carbon nanotube networks 
produced by Langmuir-Blodgett deposition," ed: Durham University, 2013. 
[138] L. F. M. d. Silva, Materials design and applications (Advanced structured 
materials: volume 65). Cham, Switzerland : Springer, [2017], 2017. 
157 
 
[139] Y. Shunin, S. Bellucci, A. Gruodis, and T. Lobanova-Shunina, Nonregular 
nanosystems : theory and applications (Lecture notes in nanoscale science and 
technology: 26). Cham, Switzerland : Springer, [2018], 2018. 
[140] S. Iijima, "Helical microtubules of graphitic carbon," Nature, vol. 354, p. 56, 
11/07/online 1991. 
[141] K. R. Moonoosawmy and P. Kruse, "Cause and consequence of carbon nanotube 
doping in water and aqueous media," Journal Of The American Chemical Society, 
vol. 132, no. 5, pp. 1572-1577, 2010. 
[142] R. R. Schlittler, J. W. Seo, J. K. Gimzewski, C. Durkan, M. S. M. Saifullah, and 
M. E. Welland, "Single Crystals of Single-Walled Carbon Nanotubes Formed by 
Self-Assembly," Science, vol. 292, no. 5519, pp. 1136-1139, 2001. 
[143] M. Endo et al., "Structural characterization of cup-stacked-type nanofibers with 
an entirely hollow core," Applied Physics Letters, vol. 80, no. 7, pp. 1267-1269, 
2002. 
[144] T. W. Ebbesen, Carbon nanotubes : preparation and properties. Boca Raton : 
CRC Press, c1997, 1997. 
[145] C.-H. Kiang, W. A. Goddard, R. Beyers, and D. S. Bethune, "Carbon nanotubes 
with single-layer walls," Carbon, vol. 33, no. 7, pp. 903-914, 1995/01/01/ 1995. 
[146] M. H. Ervin, B. S. Miller, and B. Hanrahan, SWCNT supercapacitor electrode 
fabrication methods. [electronic resource] (ARL-TR: 5438). Adelphi, MD : 
Army Research Laboratory, [2011], 2011. 
[147] G. Moody and S. T. Cundiff, "Advances in multi-dimensional coherent 
spectroscopy of semiconductor nanostructures," Advances in Physics: X, vol. 2, 
no. 3, pp. 641-674, 2017/05/04 2017. 
[148] B. Ribeiro, E. Cocchieri Botelho, M. Costa, and C. Fourquet Bandeira, Carbon 
nanotube buckypaper reinforced polymer composites: A review. 2017. 
[149] A. Planes and A. Saxena, Mesoscopic phenomena in multifunctional materials : 
synthesis, characterization, modeling and applications (Springer Series in 
Materials Science: volume 198). Heidelberg : Springer, 2014, 2014. 
[150] C. Singh and W. Song, "Carbon nanotube structure, synthesis, and applications," 
in The Toxicology of Carbon Nanotubes, C. Poland, J. Bonner, K. Donaldson, and 
R. Duffin, Eds. Cambridge: Cambridge University Press, 2012, pp. 1-37. 
[151] Q. Guo et al., Carbon nanotube based elastomer composites - an approach 
towards multifunctional materials. 
[152] M. P. Anantram and F. Léonard, "Physics of carbon nanotube electronic devices," 
Reports on Progress in Physics, vol. 69, no. 3, p. 507, 2006. 
[153] Q. Wang, J. Dai, W. Li, Z. Wei, and J. Jiang, "The effects of CNT alignment on 
electrical conductivity and mechanical properties of SWNT/epoxy 
nanocomposites," Composites Science and Technology, vol. 68, no. 7, pp. 1644-
1648, 2008/06/01/ 2008. 
158 
 
[154] Y. Zheng, Y. Zheng, and F. Wudl, Organic spin transporting materials: present 
and future. 
[155] D. Qian, G. J. Wagner, W. K. Liu, M.-F. Yu, and R. S. Ruoff, "Mechanics of 
carbon nanotubes," Applied Mechanics Reviews, vol. 55, no. 6, p. 495, 
11/01/Number 6/November 2002 2002. 
[156] A. P. Graham et al., "How do carbon nanotubes fit into the semiconductor 
roadmap?," Applied Physics A: Materials Science & Processing, vol. 80, no. 6, p. 
1141, 03/15/ 2005. 
[157] Z. H. Li, X. F. Shang, S. Qu, Y. B. Xu, and M. Wang, "A novel method to 
produce large amount single-walled carbon nanotubes by arc discharging," 
Inorganic Materials, Article vol. 45, no. 5, pp. 495-497, 2009. 
[158] Z.-H. Li, Y. Jiang, P. Zhao, X.-F. Shang, H. Yang, and M. Wang, "Synthesis of 
Single-Walled Carbon Nanotube Films with Large Area and High Purity by Arc-
Discharge,"  vol. 25, ed, 2009, pp. 2395-2398. 
[159] O. Brand, G. K. Fedder, C. Hierold, J. G. Korvink, and O. Tabata, "Carbon 
Nanotube Field Emission Devices," Carbon Nanotube Devices: Properties, 
Modeling, Integration & Applications, p. 291, 01// 2008. 
[160] T. Torres, "Carbon Nanotubes and Related Structures. Synthesis, 
Characterization, Functionalization, and Applications. Edited by Dirk M. Guldi 
and Nazario Martín," Angewandte Chemie. International Edition, vol. 50, no. 7, p. 
1473, 02/11/Number 7/February 2011 2011. 
[161] K. Tanaka et al." A Complex Physical System". 
[162] C. Thi Thanh, N. Thi Thanh Tam, N. Van Chuc, T. Xuan Tinh, N. Ba Thang, and 
 P. Ngoc Minh, "Single-walled carbon nanotubes synthesized by chemical vapor 
 deposition of C 2 H 2 over an Al 2 O 3 supported mixture of Fe, Mo, Co 
 catalysts," Advances in Natural Sciences: Nanoscience and Nanotechnology, vol. 
 2, no. 3, p. 035007, 2011. 
[163] Ç. Öncel and Y. Yürüm, "Carbon Nanotube Synthesis via the Catalytic CVD 
Method: A Review on the Effect of Reaction Parameters," Fullerenes, Nanotubes 
and Carbon Nanostructures, vol. 14, no. 1, pp. 17-37, 2006/06/01 2006. 
[164] T. Torres, "Carbon Nanotubes and Related Structures. Synthesis, 
Characterization, Functionalization, and Applications. Edited by Dirk M. Guldi 
and Nazario Martín," Angewandte Chemie International Edition, vol. 50, no. 7, 
pp. 1473-1474, 2011. 
[165] J. Troville and A. Sharma, Multiscale modeling of carbon nanotube synthesis in a 
catalytic chemical vapor deposition reactor. [Dayton, Ohio] : Wright State 
University, 2017, 2017. 
[166] O. Regev, P. N. B. ElKati, J. Loos, and C. E. Koning, "Preparation of Conductive 
Nanotube–Polymer Composites Using Latex Technology," Advanced Materials, 
vol. 16, no. 3, pp. 248-251, 2004. 
159 
 
[167] Z. Jia et al., "Study on poly(methyl methacrylate)/carbon nanotube composites," 
Materials Science and Engineering: A, vol. 271, no. 1, pp. 395-400, 1999/11/01/ 
1999. 
[168] Z. Vuluga et al., "Morphological and Tribological Properties of 
PMMA/Halloysite Nanocomposites,"  vol. 10, ed, 2018. 
[169] M.-K. Chang and H.-C. Lee, "Effects of montmorillonite and compatibilizer on 
the mechanical and thermal properties of dispersing intercalated PMMA 
nanocomposites," International Communications in Heat and Mass Transfer, 
Article vol. 67, pp. 21-28, 10/1/October 2015 2015. 
[170] M. M. Abutalib, "Insights into the structural, optical, thermal, dielectric, and 
electrical properties of PMMA/PANI loaded with graphene oxide nanoparticles," 
Physica B: Physics of Condensed Matter, Article vol. 552, pp. 19-29, 1/1/1 
January 2019 2019. 
[171] T. Ramanathan et al., "Functionalized graphene sheets for polymer 
nanocomposites," Nature Nanotechnology, Article vol. 3, no. 6, pp. 327-331, 
2008. 
[172] "The physics of Langmuir-Blodgett films," Reports on Progress in Physics, vol. 
50, no. 12, p. 1609, 12/01/Number 12/December 1, 1987 1987. 
[173] D. Sandman, "A review of: “Organic Molecular Solids Properties and 
Applications”, edited by William Jones, CRC Press, Boca Raton, 1997; ISBN 0–
8493–9428–7; xiv + 426 pages: $145.00," Molecular Crystals and Liquid 
Crystals, vol. 348, no. 1, p. 347, 08/01/Number 1/August 2000 2000. 
[174] R. F. de Oliveira, A. de Barros, and M. Ferreira. 
[175] S. A. Hussain, "Langmuir-Blodgett Films a unique tool for molecular 
electronics," ed, 2009. 
[176] M. C. Petty, Langmuir-Blodgett Films: An Introduction. Cambridge University 
Press, 1996. 
[177] F. Kimura, J. Umemura, and T. Takenaka, "FTIR-ATR studies on Langmuir-
Blodgett films of stearic acid with 1-9 monolayers," Langmuir, vol. 2, no. 1, pp. 
96-101, 1986/01/01 1986. 
[178] X. Chen, S. Lenhert, M. Hirtz, N. Lu, H. Fuchs, and L. Chi, "Langmuir–Blodgett 
Patterning: A Bottom–Up Way To Build Mesostructures over Large Areas," 
Accounts of Chemical Research, vol. 40, no. 6, pp. 393-401, 2007/06/19 2007. 
[179] J. C. Reber, "Aligned single-wall carbon nanotube ultra-thin films made by the 
Langmuir-Blodgett technique," Bibliographies,2005, 2005. 
[180] J. Israelachvili, "Self-Assembly in Two Dimensions: Surface Micelles and 
Domain Formation in Monolayers," Langmuir, vol. 10, no. 10, pp. 3774-3781, 
1994/10/01 1994. 
[181] M. Kleber, K. Eusterhues, M. Keiluweit, C. Mikutta, R. Mikutta, and P. S. Nico, 
"Chapter One - Mineral–Organic Associations: Formation, Properties, and 
160 
 
Relevance in Soil Environments," in Advances in Agronomy, vol. 130, D. L. 
Sparks, Ed.: Academic Press, 2015, pp. 1-140. 
[182] K. Stokbro, U. Quaade, and F. Grey, "Electric field effects in scanning tunneling 
microscope imaging," Applied Physics A, vol. 66, no. 7, pp. S907-S910, 1998. 
[183] B. Bhushan and O. Marti, "Scanning Probe Microscopy – Principle of Operation, 
Instrumentation, and Probes," Springer Handbook of Nanotechnology 
(9783540298557), p. 591, 01// 2007. 
[184] J. Schneir, R. Sonnenfeld, P. K. Hansma, and J. Tersoff, "Tunneling microscopy 
study of the graphite surface in air and water," Physical Review. B, Condensed 
Matter, vol. 34, no. 8, pp. 4979-4984, 1986. 
[185] P. K. Hansma, B. Drake, O. Marti, S. A. Gould, and C. B. Prater, "The scanning 
ion-conductance microscope," Science (New York, N.Y.), vol. 243, no. 4891, pp. 
641-643, 1989. 
[186] S. A. C. Gould et al., "The atomic force microscope: A tool for science and 
industry," Ultramicroscopy, Article vol. 33, pp. 93-98, 1/1/1990 1990. 
[187] K. Katoh et al., "Direct observation of lanthanide(III)-phthalocyanine molecules 
on Au(111) by using scanning tunneling microscopy and scanning tunneling 
spectroscopy and thin-film field-effect transistor properties of Tb(III)- and 
Dy(III)-phthalocyanine molecules," Journal Of The American Chemical Society, 
vol. 131, no. 29, pp. 9967-9976, 2009. 
[188] M. Hibino and H. Tsuchiya, "Transition between scanning tunneling microscopy 
images of alkane derivatives on graphite," Applied Surface Science, Article vol. 
357, no. Part B, pp. 2290-2296, 12/1/1 December 2015 2015. 
[189] S. Katano, M. Hori, Y. Kim, and M. Kawai, "Site-dependent electronic structures 
of a single molecule on a metal surface studied by scanning tunneling microscopy 
and spectroscopy," Chemical Physics Letters, Article vol. 614, pp. 117-122, 
10/20/20 October 2014 2014. 
[190] S. Berner, M. Brunner, L. Ramoino, H. Suzuki, H. J. Güntherodt, and T. A. Jung, 
"Time evolution analysis of a 2D solid–gas equilibrium: a model system for 
molecular adsorption and diffusion," Chemical Physics Letters, vol. 348, no. 3, 
pp. 175-181, 2001/11/09/ 2001. 
[191] J. Weckesser, J. V. Barth, and K. Kern, "Direct observation of surface diffusion of 
large organic molecules at metal surfaces: PVBA on Pd(110)," The Journal of 
Chemical Physics, vol. 110, no. 11, pp. 5351-5354, 1999. 
[192] J. C. Reber, Aligned single-wall carbon nanotube ultra-thin films made by the 
Langmuir-Blodgett technique. 2005, 2005. 
[193] P. Larkin, Infrared and raman spectroscopy : principles and spectral 
interpretation. Amsterdam : Elsevier, [2018],Second edition, 2018. 
[194] S. Niyogi, H. Hu, and M. A. Hamon, "Chromatographic purification of soluble 
single-walled carbon nanotubes (s-SWNTs)," Journal of the American Chemical 
Society, Article vol. 123, no. 4, pp. 733-734, 01/31/ 2001. 
161 
 
[195] G. Wu, Raman spectroscopy : an intensity approach. Singapore : World Scientific 
Publishing Co. Pte. Ltd., [2017], 2017. 
[196] J. R. Ferraro and K. Nakamoto, Introductory Raman spectroscopy. Boston, Mass. 
: Academic Press, c1994, 1994. 
[197] J. R. Ferraro, K. Nakamoto, and C. W. Brown, Introductory Raman spectroscopy. 
Amsterdam ; Boston : Academic Press, c2003,2nd ed, 2003. 
[198] A. G. Souza Filho et al., "Stokes and anti-Stokes Raman spectra of small-
diameter isolated carbon nanotubes," Physical Review B, vol. 69, no. 11, p. 
115428, 03/26/ 2004. 
[199] C. Fantini, A. Jorio, M. Souza, M. S. Strano, M. S. Dresselhaus, and M. A. 
Pimenta, "Optical transition energies for carbon nanotubes from resonant Raman 
spectroscopy: environment and temperature effects," Physical Review Letters, vol. 
93, no. 14, pp. 147406-147406, 2004. 
[200] P. C. Eklund, J. M. Holden, and R. A. Jishi, "Vibrational modes of carbon 
nanotubes; Spectroscopy and theory," Carbon, vol. 33, no. 7, pp. 959-972, 
1995/01/01/ 1995. 
[201] H. E. Schaefer, Nanoscience. [electronic resource] (Nanoscience and 
technology). Berlin ; London : Springer, 2010, 2010. 
[202] A. Corma, M. J. Diaz-Cabanas, J. L. Jorda, F. Rey, K. Boulahya, and J. M. 
Gonzalez-Calbet, "High-Resolution Transmission Electron Microscopy 
(HRTEM) and X-ray Diffraction (XRD) Study of the Intergrowth in Zeolites 
ITQ-13/ITQ-34," The Journal of Physical Chemistry C, vol. 113, no. 21, pp. 
9305-9308, 2009/05/28 2009. 
[203] S. Hovmöller, "Structure Solution Using HRTEM," Uniting Electron 
Crystallography & Powder Diffraction, p. 293, 01// 2012. 
[204] F. Fritz et al., "Nanoscale x-ray investigation of magnetic metallofullerene 
peapod," Nanotechnology, vol. 28, no. 43, p. 435703, 2017. 
[205] Y. Hayashi, T. Tokunaga, S. Toh, W. J. Moon, and K. Kaneko, "Synthesis and 
characterization of metal-filled carbon nanotubes by microwave plasma chemical 
vapor depositio," Diamond &amp; Related Materials, vol. 14, no. 3-7, pp. 790-
793, 2005. 
[206] S. Inoue and T. Kogure, A combined study by HRTEM and HAADF-STEM for Fe-
rich berthierine and chlorite interstratified minerals. United Kingdom: James 
Hutton Institute : Aberdeen, United Kingdom, 2015, pp. 278-278. 
[207] X. a. Zou, S. a. Hovmöller, and P. a. Oleynikov, Phase contrast, contrast transfer 
function (CTF) and high‐resolution electron microscopy (HRTEM). Oxford: 
Oxford University Press, 2011. 
[208] S. Kuwahara, T. Sugai, and H. Shinohara, "A new AFM–HRTEM combined 
technique for probing isolated carbon nanotube," Nanotechnology, vol. 20, no. 22, 
pp. 225702-225702, 2009. 
162 
 
[209] X. Li, Y. Chen, H. Huang, Y.-W. Mai, and L. Zhou, "Electrospun carbon-based 
nanostructured electrodes for advanced energy storage – A revie," Energy Storage 
Materials, vol. 5, pp. 58-92, 2016. 
[210] S. A. Manafi, M. H. Amin, M. R. Rahimipour, E. Salahi, and A. Kazemzadeh, 
"Carbon nanotubes synthesized by mechanothermal method," New Carbon 
Materials, vol. 24, no. 1, pp. 39-44, 2009. 
[211] M. K. Massey, C. Pearson, D. A. Zeze, B. G. Mendis, and M. C. Petty, "The 
electrical and optical properties of oriented Langmuir-Blodgett films of single-
walled carbon nanotubes," Carbon, vol. 49, no. 7, pp. 2424-2430, 2011/06/01/ 
2011. 
[212] A. Mahmoodi and M. Ghoranneviss, "Measuring the Electrical Conductivity of 
Carbon Nanotubes Grown on Sodalime Glass Substrates using Cu as Catalyst," 
Molecular Crystals and Liquid Crystals, vol. 591, no. 1, pp. 86-90, 2014/03/04 
2014. 
[213] C. D. E. Barreiro, J.-L. E. Barredo, G. S. Minyuk, A. E. Solovchenko, and J. M. 
S. E. Walker, "Express Analysis of Microalgal Secondary Carotenoids by TLC 
and UV-Vis Spectroscopy," ed. New York, NY: Humana Press, 2018, p. 73. 
[214] Y. Sun and J. Østergaard, "Application of UV Imaging in Formulation 
Development," Pharmaceutical Research, vol. 34, no. 5, pp. 929-940, 2017. 
[215] S. Chakraborty, S. Sharmin, S. R. Rony, S. A. I. Ahma, and H. Sohrab, "Stability-
indicating UV/Vis Spectrophotometric Method for Diazepam, Development and 
Validation," Indian Journal of Pharmaceutical Sciences, Article vol. 80, no. 2, 
pp. 366-373, 2018. 
[216] M. Horie, N. Fujiwara, M. Kokubo, and N. Kondo, "Spectroscopic thin film 
thickness measurement system for semiconductor industries," Conference 
Proceedings 10th Anniversary IMTC/94 Advanced Technologies in I & M 1994 
IEEE Instrumentation & Measurement Technolgy Conference (Cat No94CH3424-
9), p. 677, 01// 1994. 
[217] C. Koechlin et al., "Opto-electrical characterization of infrared sensors based on 
carbon nanotube films," Caractérisation électro-optique de détecteurs infrarouge 
à base de films de nanotubes de carbone, Article vol. 11, no. 5/6, pp. 405-410, 
2010. 
[218] T. T. Luu, M. Garg, S. Y. Kruchinin, A. Moulet, M. T. Hassan, and E. 
Goulielmakis, "Extreme ultraviolet high-harmonic spectroscopy of solids," 
Nature, Article vol. 521, no. 7553, pp. 498-502, 05/27/ 2015. 
[219] D. A. Skoog, F. J. Holler, and S. R. Crouch, Principles of instrumental analysis. 
Belmont, CA : Thomson Brooks/Cole, c2007,6th ed. / Douglas A. Skoog, F. 
James Holler, Stanley R. Crouch, 2007. 
[220] K. Yang, Z. Yi, Q. Jing, R. Yue, W. Jiang, and D. Lin, "Sonication-assisted 
dispersion of carbon nanotubes in aqueous solutions of the anionic surfactant 
163 
 
SDBS: The role of sonication energy," Chinese Science Bulletin, journal article 
vol. 58, no. 17, pp. 2082-2090, June 01 2013. 
[221] Q. Cheng, S. Debnath, E. Gregan, and H. J. Byrne, "Ultrasound-Assisted SWNTs 
Dispersion: Effects of Sonication Parameters and Solvent Properties," The 
Journal of Physical Chemistry C, vol. 114, no. 19, pp. 8821-8827, 2010/05/20 
2010. 
[222] L. Wei, B. Wang, Q. Wang, L.-J. Li, Y. Yang, and Y. Chen, "Effect of 
Centrifugation on the Purity of Single-Walled Carbon Nanotubes from MCM-41 
Containing Cobalt," The Journal of Physical Chemistry C, vol. 112, no. 45, pp. 
17567-17575, 2008/11/13 2008. 
[223] A. Yu, E. Bekyarova, M. E. Itkis, D. Fakhrutdinov, R. Webster, and R. C. 
Haddon, "Application of Centrifugation to the Large-Scale Purification of Electric 
Arc-Produced Single-Walled Carbon Nanotubes," Journal of the American 
Chemical Society, vol. 128, no. 30, pp. 9902-9908, 2006/08/01 2006. 
[224] K. H. Maria and T. Mieno, "Effect of gelatin on the water dispersion and 
centrifugal purification of single-walled carbon nanotubes," Japanese Journal of 
Applied Physics, vol. 55, no. 1S, p. 01AE04, 2015/11/05 2015. 
[225] M. S. Amer and J. D. Busbee, "Self-Assembled Hierarchical Structure of 
Fullerene Building Blocks; Single-Walled Carbon Nanotubes and C60," The 
Journal of Physical Chemistry C, vol. 115, no. 21, pp. 10483-10488, 2011. 
[226] M. S. Amer, Raman Spectroscopy, Fullerenes, and Nanotechnology (Nanoscience 
and Nanotechnology, no. 13). Cambridge, UK: Royal Society of Chemistry, 2010, 
p. 290. 
[227] A. Ulman, An Introduction to Ultrathin Organic Films: From Langmuir--Blodgett 
to Self--Assembly. Academic press, 2013. 
[228] W. A. Barlow, Langmuir-Blodgett Films. Elsevier Science, 2013. 
[229] M. S. Dresselhaus, G. Dresselhaus, A. Jorio, A. G. Souza Filho, and R. Saito, 
"Review: Raman spectroscopy on isolated single wall carbon nanotubes," 
Carbon, Review Article vol. 40, pp. 2043-2061, 1/1/2002 2002. 
[230] R. A. Jishi, L. Venkataraman, M. S. Dresselhaus, and G. Dresselhaus, "Phonon 
modes in carbon nanotubules," Chemical Physics Letters, Article vol. 209, pp. 77-
82, 1/1/1993 1993. 
[231] A. Thess et al., "Crystalline Ropes of Metallic Carbon Nanotubes," Science (New 
York, N.Y.), vol. 273, no. 5274, pp. 483-487, 1996. 
[232] X. Wang et al., "Ultrastrong, Stiff and Multifunctional Carbon Nanotube 
Composites," Materials Research Letters, vol. 1, no. 1, pp. 19-25, 2013/03/01 
2012. 
[233] C. Li and T.-W. Chou, "Elastic properties of single-walled carbon nanotubes in 
transverse directions," Physical Review B, vol. 69, no. 7, p. 073401, 02/04/ 2004. 
164 
 
[234] R. C. Batra and A. Sears, "Uniform radial expansion/contraction of carbon 
nanotubes and their transverse elastic moduli," Modelling and Simulation in 
Materials Science and Engineering, vol. 15, no. 8, p. 835, 2007. 
[235] L. Deng, S. J. Eichhorn, C.-C. Kao, and R. J. Young, "The Effective Young’s 
Modulus of Carbon Nanotubes in Composites," ACS Applied Materials & 
Interfaces, vol. 3, no. 2, pp. 433-440, 2011/02/23 2011. 
[236] A. M. K. Esawi, K. Morsi, A. Sayed, M. Taher, and S. Lanka, "Effect of carbon 
nanotube (CNT) content on the mechanical properties of CNT-reinforced 
aluminium composites," Composites Science and Technology, vol. 70, no. 16, pp. 
2237-2241, 2010/12/31/ 2010. 
[237] H. S. Nalwa, Handbook of surfaces and interfaces of materials. 
[238] M. F. Daniel, O. C. Lettington, and S. M. Small, "Investigations into the 
Langmuir-Blodgett film formation ability of amphiphiles with cyano head 
groups," Thin Solid Films, vol. 99, no. 1, pp. 61-69, 1983/01/14/ 1983. 
[239] M. Shaffer and A. Windle, "Analogies between polymer solutions and carbon 
nanotube dispersions," Macromolecules, vol. 32, no. 20, pp. 6864-6866, 1999. 
[240] W. Song, I. A. Kinloch, and A. H. Windle, "Nematic Liquid Crystallinity of 
Multiwall Carbon Nanotubes," Science, vol. 302, no. 5649, p. 1363, November 
21, 2003 2003. 
[241] V. Mittal, Polymer nanotube nanocomposites : synthesis, properties, and 
applications. Hoboken, New Jersey : John Wiley & Sons, Inc., [2014] 
2nd edition, 2014. 
[242] H. C. De Groh and U. Balachandran, Conductivity of copper-carbon covetic 
composite (NASA/TM: 2018-219790). Cleveland, Ohio : National Aeronautics 
and Space Administration, Glenn Research Center, May 2018, 2018. 
[243] D. K. Kaushik, K. U. Kumar, and A. Subrahmanyam, "Metal Insulator transition 
in tin doped indium oxide (ITO) thin films Quantum Correction to the electrical 
Conductivity," ed, 2016. 
[244] J.-H. Kim et al., "Full Length Article: The effects of film thickness on the 
electrical, optical, and structural properties of cylindrical, rotating, magnetron-
sputtered ITO films," Applied Surface Science, Article vol. 440, pp. 1211-1218, 
5/15/15 May 2018 2018. 
[245] W. Lei, W. Jing, Y. Cihui, and X. Bangshu, "Potential of ITO thin film for 
electrical probe memory applications," Science and Technology of Advanced 
Materials, Vol 19, Iss 1, Pp 791-801 (2018), article no. 1, p. 791, 2018. 
[246] P. K. Son, S.-W. Choi, S. S. Kim, and J. S. Gwag, "Conductivity of ITO film 
amplified by multi-step ion beam-treatment on PET layers at room temperature,"  
vol. 44, ed, 2012, pp. 1606-1610. 
[247] Y. L. D. E. Lyubchenko, G. J. Shami, D. Cheng, F. Braet, and J. M. S. E. Walker, 
"Silver Filler Pre-embedding to Enhance Resolution and Contrast in 
165 
 
Multidimensional SEM: A Nanoscale Imaging Study on Liver Tissue," ed. New 
York, NY: Humana Press, 2018, p. 561. 
[248] W. Khan, R. Sharma, and P. Saini, Carbon Nanotube-Based Polymer Composites: 
Synthesis, Properties and Applications. 2016. 
[249] M. Oliveira and A. V. Machado, "Microscopy as a Powerful Technique to 
Characterise Polymer Matrix Nanocomposites," Microscopy & Microanalysis, 
vol. 19, no. S4, p. 131, 08/02/Aug2013 Supplement 2013. 
[250] S. C. Tjong, Carbon nanotube reinforced composites : metal and ceramic 
matrices. Weinheim : Wiley-VCH, c2009, 2009. 
[251] G. Yamamoto, M. Omori, T. Hashida, and H. Kimura, "A novel structure for 
carbon nanotube reinforced alumina composites with improved mechanical 
properties," Nanotechnology, vol. 19, no. 31, pp. 315708-315708, 2008. 
[252] "Index," in Advances in the Dyeing and Finishing of Technical Textiles, M. L. 
Gulrajani, Ed.: Woodhead Publishing, 2013, pp. 412-425. 
[253] P. M. Ajayan, P. V. Braun, and L. S. Schadler, Nanocomposite science and 
technology. 
[254] B. M. Cromer, S. Scheel, G. A. Luinstra, E. B. Coughlin, and A. J. Lesser, "In-
situ polymerization of isotactic polypropylene-nanographite nanocomposites," 
Polymer, vol. 80, pp. 275-281, 2015/12/02/ 2015. 
[255] Z. Yao, C.-C. Zhu, M. Cheng, and J. Liu, "Mechanical properties of carbon 
nanotube by molecular dynamics simulation," Computational Materials Science, 
vol. 22, no. 3, pp. 180-184, 2001/12/01/ 2001. 
[256] J. H. Park and S. C. Jana, "The relationship between nano- and micro-structures 
and mechanical properties in PMMA–epoxy–nanoclay composites," Polymer, vol. 
44, no. 7, pp. 2091-2100, 2003/03/01/ 2003. 
[257] V. Skákalová, U. Dettlaff-Weglikowska, and S. Roth, "Electrical and mechanical 
properties of nanocomposites of single wall carbon nanotubes with PMMA," 
Synthetic Metals, vol. 152, no. 1, pp. 349-352, 2005/09/20/ 2005. 
[258] S. N. Tripathi, P. Saini, D. Gupta, and V. Choudhary, "Electrical and mechanical 
properties of PMMA/reduced graphene oxide nanocomposites prepared via in situ 
polymerization," Journal of Materials Science, vol. 48, no. 18, pp. 6223-6232, 
2013/09/01 2013. 
[259] J. M. Duva, J. Aboudi, and C. T. Herakovich, "A probabilistic micromechanics 
model for damaged composites," Journal of Engineering Materials & 
Technology, Article vol. 118, pp. 548-553, 10// 1996. 
[260] C. T. Herakovich, "Mechanics of composites: A historical review," Mechanics 
Research Communications, Article vol. 41, pp. 1-20, 2012. 
[261] N. D. Flesher and C. T. Herakovich, "Predicting delamination in composite 
structures," Composites Science & Technology, Article vol. 66, no. 6, pp. 745-
754, 2006. 
166 
 
[262] P. J. Herrera-Franco and L. T. Drzal, "Comparison of methods for the 
measurement of fibre/matrix adhesion in composites," Composites, vol. 23, no. 1, 
pp. 2-27, 1992/01/01/ 1992. 
[263] Y. Huang and R. J. Young, "Analysis of the fragmentation test for carbon-
fibre/epoxy model composites by means of Raman spectroscopy," Composites 
Science and Technology, Article vol. 52, pp. 505-517, 1/1/1994 1994. 
[264] T. Schuller, W. Beckert, B. Lauke, and K. Friedrich, "Single-fibre transverse 
debonding: tensile test of a necked specimen,"  vol. 60, ed, 2000, pp. 2077-2082. 
[265] D. Jesson and J. Watts, "The Interface and Interphase in Polymer Matrix 
Composites: Effect on Mechanical Properties and Methods for Identification," 
Polymer Reviews, Article vol. 52, no. 3/4, pp. 321-354, 2012. 
[266] D. Hull, An introduction to composite materials (Cambridge solid state science 
series). Cambridge [Eng.] ; New York : Cambridge University Press, 1981, 1981. 
[267] L. H. Sharpe, "The Interphase in Adhesion," Journal of Adhesion, vol. 4, no. 1, p. 
51, 05// 1972. 
[268] U. A. Khashaba, "Development and characterization of high performance nano-
hybrid GFRE composites for structural applications," Composite Structures, 
Article vol. 116, pp. 523-534, 2014. 
[269] J. Bieniaś, K. Dadej, and B. Surowska, "Interlaminar fracture toughness of glass 
and carbon reinforced multidirectional fiber metal laminates," Engineering 
Fracture Mechanics, Article vol. 175, pp. 127-145, 2017. 
[270] L. H. Sharpe, "Some Thoughts About the Mechanical Response of Composites," 
Journal of Adhesion, vol. 6, no. 1/2, p. 15, 01// 1974. 
[271] P. Upadhyaya and S. Kumar, "Micromechanics of stress transfer through the 
interphase in fiber-reinforced composites," Mechanics of Materials, Article vol. 
89, pp. 190-201, 10/1/October 2015 2015. 
[272] S.-Y. Fu, X.-Q. Feng, B. Lauke, and Y.-W. Mai, "Effects of particle size, 
particle/matrix interface adhesion and particle loading on mechanical properties 
of particulate–polymer composites," Composites Part B, Article vol. 39, pp. 933-
961, 1/1/2008 2008. 
[273] G. Keledi, J. Hari, and B. Pukanszky, "Polymer nanocomposites: structure, 
interaction, and functionality,"  vol. 4, ed, 2012, pp. 1919-1938. 
[274] L. Nazarenko, H. Stolarski, and H. Altenbach, "A statistical interphase damage 
model of random particulate composites," International Journal of Plasticity, 
Article vol. 116, pp. 118-142, 2019. 
[275] O. Ishai and L. J. Cohen, "Elastic properties of filled and porous epoxy 
composites," International Journal of Mechanical Sciences, Article vol. 9, pp. 
539-546, 1/1/1967 1967. 
[276] J. Verbeek, The Influence of Interfacial Adhesion, Particle Size and Size 
Distribution on the Predicted Mechanical Properties of Particulate Thermoplastic 
Composites. 2003, pp. 1919-1924. 
167 
 
[277] "Handbook on fillers assesses the potential of nanotechnology," Additives for 
Polymers, Article vol. 2010, no. 2, pp. 9-10, 2010. 
[278] Essar, "Book Review," Chemical Business, Book Review vol. 13, no. 5, p. 51, 
1999. 
[279] G. Wypych, Knovel, and L. Plastics Design, Handbook of fillers. 
[280] D. J. O'Brien, Nanocomposite interphases for improved transparent polymer 
composite materials. [electronic resource] (ARL-TR: 4527). Aberdeen Proving 
Ground, MD : Army Research Laboratory, [2008], 2008. 
[281] M. R. Piggott, "The effect of the interface/interphase on fiber composite 
properties," Polymer Composites, vol. 8, no. 5, pp. 291-297, 1987. 
[282] S. Arun and S. Kanagaraj, "Research Paper: Mechanical characterization and 
validation of poly (methyl methacrylate)/multi walled carbon nanotube composite 
for the polycentric knee joint," Journal of the Mechanical Behavior of Biomedical 
Materials, Article vol. 50, pp. 33-42, 10/1/October 2015 2015. 
[283] C. Baillie, J. Emanuelsson, and F. Marton, "Building knowledge about the 
interface," Composites Part A, Article vol. 32, pp. 305-312, 1/1/2001 2001. 
[284] D. Ciprari, K. Jacob, and R. Tannenbaum, "Characterization of polymer 
nanocomposite interphase and its impact on mechanical properties,"  vol. 39, ed, 
2006, pp. 6565-6573. 
[285] F. An et al., "Preparation and characterization of carbon nanotube-hybridized 
carbon fiber to reinforce epoxy composite," Materials & Design, Article vol. 33, 
pp. 197-202, 2012. 
[286] C. A. Baillie and M. G. Bader, "STRENGTH STUDIES OF SINGLE CARBON-
FIBERS IN MODEL COMPOSITE FRAGMENTATION TESTS,"  vol. 25, ed, 
1994, pp. 401-406. 
[287] J.-M. Park, J.-W. Kim, and D.-J. Yoon, "Interfacial evaluation and microfailure 
mechanisms of single carbon fiber/bismaleimide (BMI) composites by tensile and 
compressive fragmentation tests and acoustic emission," Composites Science and 
Technology, Article vol. 62, pp. 743-756, 1/1/2002 2002. 
[288] A. Galano, "Carbon nanotubes: promising agents against free radicals,"  vol. 2, 
ed, 2010, pp. 373-380. 
[289] A. N. Nikitin and R. A. Hutchinson, "The Effect of Intramolecular Transfer to 
Polymer on Stationary Free Radical Polymerization of Alkyl Acrylates," 
Macromolecules, vol. 38, no. 5, pp. 1581-1590, 2005/03/01 2005. 
[290] V. D. Punetha et al., "Functionalization of carbon nanomaterials for advanced 
polymer nanocomposites: A comparison study between CNT and graphene," 
Progress in Polymer Science, Review Article vol. 67, pp. 1-47, 4/1/April 2017 
2017. 
[291] M. J. Akhtar, M. Ahamed, H. A. Alhadlaq, and A. Alshamsan, "Mechanism of 
ROS scavenging and antioxidant signalling by redox metallic and fullerene 
168 
 
nanomaterials: Potential implications in ROS associated degenerative disorder," 
BBA - General Subjects, vol. 1861, no. 4, pp. 802-813, 2017. 
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